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Constantly exposed to various forms of mechanical forces inherent in their phys-
ical environment, cellular organisms are able to sense such forces and con-
vert them into biochemical signals through the processes of mechanosensing
and mechanotransduction. The two processes eventually lead to physiological
and pathological changes in their internal structures and activities. The effect
might manifest in changes of the physiological properties, such as stiffness and
impedance, of the organism. This suggests that timely application of appropri-
ate external forces may be used as a means to directly manipulate the dynamics
of the internal processes (e.g., cell division and gene expression) of a cellular or-
ganism, which leads to the ultimate objective of mechano-control of biological
systems.
Quantitative investigation of how cellular organisms respond to mechanical force
requires proper sensing and control of an applied mechanical force to the or-
ganisms and simultaneously measure changes in their physiological properties.
However, an engineering challenge remain in explicitly controlling the applied
force to achieve force regulation and trajectory tracking without causing dam-
age to the internal or external structures of the organism. This thesis explores
the development of an explicit force-controlled system which is capable of ap-
plying and controlling a prescribed force on a zebrafish embryo accurately. The
vii
SUMMARY
established explicit force-controlled system consists of a linear voice-coil actua-
tor for force generation, a micro-indenter equipped with a piezoresistive micro-
force sensor for applying a prescribed force on the cellular surface, and a com-
pound flexure stage for transmitting the force from the voice coil actuator to the
micro-indenter. The interaction force between the micro-indenter and the cellu-
lar surface is measured and feedback to the controller by the micro-force sensor.
The explicit force-controlled system is able to apply an indentation force that
can be controlled in magnitude and different types of force trajectory (e.g., step,
sinusoidal, and rectangular), with various durations or frequencies, directly on
the zebrafish embryo.
In this thesis, a series of experiments have been conducted to detect and in-
vestigate, in a quantitative manner, the mechano-induced variation in the phys-
iological properties of a zebrafish chorion. The purpose of this thesis is not
to explain how any particular mechanotransduction pathway is operated, but
rather to explore the dynamic changes in the physiological properties (e.g., the
real-time force-induced variation in the stiffness and impedance) of a cellular
organism when the organism encounters changes in its external loadings from
its mechanical environment, especially in the dynamics of the cellular responses
to indentation force.
The experimental data provides evidence supporting the hypothesis that certain
physiological properties of some cellular organisms can be modified by apply-
ing an appropriate mechanical force. The findings provide a basic milestone for
future study to reveal the correlation between the changes in cellular physio-
logical properties and the possible signalling pathways of the organisms (e.g.,
the zebrafish embryo) in response to an external mechanical force. To the best
knowledge of the author, no studies of the dynamics behaviours and influence
viii
SUMMARY
of the external forces, of different rates or frequencies, on the physiological
properties of zebrafish embryos were previously undertaken. The experimental
setup and method proposed in this thesis therefore provide a useful approach
for the study of the interactions involving the rheological and physical prop-
erties of a cellular organism. Moreover, it is now an important emerging area
of research in mechanotransduction, and the approach proposed in this thesis
could also be used to study the mechanism of cellular biomechanical response
and signal transduction pathway in more detail, which ultimately may allow the
clinicians to alter the biological functions and disease properties by applying




1. Peter Chen C. Y., Nam Joo Hoo, Lu Zhe, Luo Hong, Ge Ruowen, Lin
Wei, ”Effect of Localized External Mechanical Forces on the Stiffness of
Zebrafish Chorion”. Submitted to Journal of Biomechanics, Feb, 2012
2. Nam Joo Hoo, Peter Chen C. Y., Lu Zhe, Luo Hong, Ge Ruowen, and
Lin Wei, ”Force Control for Mechanotransduction of Impedance Varia-
tion in Cellular Organisms”. Published in Journal of Micromechanics and
Microengineering, vol. 20, 2010
3. Lu Zhe, Peter Chen C. Y., Nam Joo Hoo, Ge Ruowen, and Lin Wei, ”A
Micromanipulation System with Dynamic Force-feedback for Automatic
Batch Microinjection”. Published in Journal of Micromechanics and Mi-
croengineering, vol. 17, 2007
4. Lu Zhe, Peter Chen C. Y., Anand Ganapathy, Guoyong Zhao, Nam Joo
Hoo, Yang Guilin, Etienne Burdet, Teo Chee Leong, Meng Qingnian, and
Lin Wei ”A Force-feedback Control System for Micro-assembly”. Pub-




1. Nam Joo Hoo, Peter Chen C. Y., Lu Zhe, Luo Hong, Ge Ruowen, and
Lin Wei, ”Mechanoinduction of Reduction in the Stiffness of Zebrafish
Chorion”. Published in Proceedings of IEEE International Conference on
Control, Automation, Robotics and Vision (ICARCV), 2010.
2. Zhou Shengfeng, Peter Chen C. Y., Lu Zhe, Nam Joo Hoo, Luo Hong,
Ge Ruowen, Ong Chong Jin, and Lin Wei, ”Speed Optimization for Mi-
cropipette Motion during Zebrafish Embryo Microinjection”. Published
in Proceedings of IEEE International Conference on Control, Automation,
Robotics and Vision (ICARCV), 2010.
3. Luo Hong, Nam Joo Hoo, Peter Chen C. Y., Lin Wei, Lim Chee Wang,
and Yang Guilin, ”A Micro Force Measurement, Transmission and Con-
trol System for Biomechanics Studies”. Published in Proceedings of In-
ternational Conference of the European Society for Precision Engineering
& Nanotechnology (euspen), 2010.
4. Nam Joo Hoo, Peter Chen C. Y., Lu Zhe, Luo Hong, Ge Ruowen, and Lin
Wei, ”Induction of Variation in Impedance of Zebrafish Embryos by Ex-
plicit Force Feedback Control”, Published in Proceedings of IEEE Con-
ference on Robotics and Biomimetics (ROBIO), 2009. Finalist for Best
Student Paper Award.
5. Luo Hong, Lu Zhe, Nam Joo Hoo, Peter Chen C. Y., and Lin Wei, ”Evalu-
ation of Wire Bond Integrity through Force Detected Wire Vibration Anal-
ysis” Published in IEEE/ASME International Conference on Advanced
Intelligent Mechatronics (AIM), 2009.
xi
PUBLICATIONS
6. Lu Zhe, Peter Chen C. Y., Nam Joo Hoo, Ge Ruowen, and Lin Wei, ”A mi-
cromanipulation system for automatic batch microinjection”. Published




3.1 Viscoelastic parameters of different embryos. . . . . . . . . . . 58
4.1 Values of system parameters. . . . . . . . . . . . . . . . . . . . 83
4.2 Parameter values for robust explicit force-controlled system. . . 96
5.1 Force-induced changes in resistance and capacitance of zebrafish
chorion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.1 Changes in viscoelastic parameters of zebrafish chorion sub-
jected to step force . . . . . . . . . . . . . . . . . . . . . . . . 127
6.2 Changes in viscoelastic parameters of zebrafish chorion sub-
jected to rectangular-wave force . . . . . . . . . . . . . . . . . 133
6.3 Changes in viscoelastic parameters of zebrafish chorion sub-
jected to sinusoidal periodic force . . . . . . . . . . . . . . . . 135
xiii
List of Figures
2.1 A schematic illustration of mecahnotransduction mechanism (Adapted
from [1]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Activation mechanism of mechanosensitive ion channels: (a)
The tension developed in the biomembrane directly triggers the
channels. (b) Displacement of the extracellular matrix or the
cytoskeleton relative to the ion channel triggers the channel to
open or close (Adapted and redrawn from [2]). . . . . . . . . . 21
2.3 Schematic illustration of hair-cell transduction mechanism: When
the stereocilia is tipped toward by its neighbouring stereocilia,
the tip link pulls on and opens the ion channel. Movement in the
opposite direction relaxes the tip link so that any open channels
will close (Adapted and redrawn from [3]). . . . . . . . . . . . 21
xiv
LIST OF FIGURES
2.4 A neuro-transmission process in presynaptic cell (a) The neuro-
transmitter is stored in vesicles in a resting state. (b) An action
potential leads to influx of Ca2+ into the presynaptic cell. Con-
sequently, this releases the neurotransmitter into the synaptic
cleft. (c) The neurotransmitter diffuses across the synaptic cleft
and binds to receptors on the surface of the postsynaptic cell.
The ion channel opens and there is an influx of Na+ ions into
the postsynaptic cell (Adapted from [4]). . . . . . . . . . . . . . 22
2.5 Schematic representation of bilayer lipid membrane (Adapted
and redrawn from [5]). . . . . . . . . . . . . . . . . . . . . . . 23
2.6 Schematic diagram illustrates the progression in the develop-
ment of membrane potential. . . . . . . . . . . . . . . . . . . . 24
2.7 Negative charges from an electrode neutralize positive surface
charges and form a double layer (Adapted and redrawn from [6]). 26
2.8 Picture of an adult zebrafish (Adapted from [7]). . . . . . . . . . 27
2.9 The development cycle of: (a) Zebrafish embryo and (b) Human
embryo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.10 Structure of a zebrafish embryo. . . . . . . . . . . . . . . . . . 28
2.11 Model of zona pellucida as postulated by [8] and redrawn from [9]. 29
2.12 Structure of the zebrafish chorion (adapted and redrawn from
[10]). Z1: outer layer, Z2: middle layer, Z3: inner layer, P: pore
canal, PP: pore plug. . . . . . . . . . . . . . . . . . . . . . . . 29
2.13 Schematic setup diagram of Atomic Force Microscopic (AFM)
(Adapted from [11]). . . . . . . . . . . . . . . . . . . . . . . . 32
xv
LIST OF FIGURES
2.14 Schematic illustration of experimental method using AFM to
probe the mechanical properties of biological cells. . . . . . . . 33
2.15 Schematic drawing of one-component force sensor developed
by [12] (Adapted from [13]). . . . . . . . . . . . . . . . . . . . 34
2.16 Schematics illustration of capacitive force sensor (Adapted from
[14]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.17 Schematic showing a biological cell being aspirated in to a mi-
cropipette with a suction pressure. . . . . . . . . . . . . . . . . 36
2.18 Line scan of three examples of mitotic cells showing the myosin-
II redistributes to the site of cell deformation when subjected to
a micropipette aspiration (Adapted from [15]). . . . . . . . . . . 37
3.1 Force vs displacement curve of the penetration process for ze-
brafish embryos. . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2 The Maxwell model. . . . . . . . . . . . . . . . . . . . . . . . 45
3.3 Stress relaxation of the Maxwell model held at constant strain. . 46
3.4 The Voigt viscoelastic model. . . . . . . . . . . . . . . . . . . . 47
3.5 A typical creep of the Voigt model under a constant stress. . . . 48
3.6 Maxwell-Weichert model having two Maxwell elements. . . . . 51
3.7 Schematic illustration of (a) the overall micromanipulation sys-
tem and (b) the small pool area. . . . . . . . . . . . . . . . . . . 52
3.8 (a) Close-up view of the contact between the micropipette and
the embryo. (b) Indentation of the zebrafish embryo membrane
by a micropipette. . . . . . . . . . . . . . . . . . . . . . . . . . 54
xvi
LIST OF FIGURES
3.9 Viscoelasticity of zebrafish embryo with indentation displace-
ment of (a) 180µm and (b) 300µm. . . . . . . . . . . . . . . . 55
3.10 Force trajectory of the indentation of the zebrafish embryo. . . . 56
3.11 Experimental force relaxation and curves fitting results for four
zebrafish embryos(Blue-solid line - experimental results, Red-
dash line - fitting curves). . . . . . . . . . . . . . . . . . . . . . 57
3.12 Curve fitting of force trajectory of the indentation of the ze-
brafish embryo. . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.1 Explicit force-feedback control system for exerting an indenta-
tion force on an embryo. (a) Overall view. (b) Isometrics view. . 63
4.2 (a) A typical voice coil actuator from Servo Magnetics Inc. (b)
A current supply to magnetic coil causing movable core move
axially. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 Examples of compliant mechanism (redrawn and adapted from
[16]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4 Simple cantilever beam. . . . . . . . . . . . . . . . . . . . . . . 67
4.5 Parallelogram flexure. . . . . . . . . . . . . . . . . . . . . . . . 68
4.6 Lens guiding mechanism (Adapted from [17]). . . . . . . . . . 69
4.7 A compound leaf spring mechanism. (Adapted from [18]) . . . 70
4.8 The force transmission flexure stage. (a) Structure. (b) Dimension. 71
4.9 Mode of operation of the compound leaf spring mechanism:
rectilinear motion is produced by the cancellation between the
parasitic error of both platforms. . . . . . . . . . . . . . . . . . 72
xvii
LIST OF FIGURES
4.10 Schematic block diagram of the flexure stage. . . . . . . . . . . 73
4.11 Results of calibration for force transmission stage . . . . . . . . 74
4.12 Hysteresis curve of the force transmission flexure stage. . . . . . 76
4.13 A typical piezoresistive force sensor. . . . . . . . . . . . . . . . 78
4.14 A typical commercial piezoresistive micro-force sensor. (Adapted
from [19]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.15 Schematic depicts the deflection of a piezoresistive force sensor
to a load fs (Adapted from [19]) . . . . . . . . . . . . . . . . . 80
4.16 Schematic showing zebrafish chorion indented by a micro-indenter. 81
4.17 Modified micro-force sensor with micro-indenter. . . . . . . . . 81
4.18 Dynamics model of the flexure stage. . . . . . . . . . . . . . . . 83
4.19 Closed-loop force control system . . . . . . . . . . . . . . . . . 86
4.20 Step response of the PID controlled system . . . . . . . . . . . 86
4.21 Response of the PID controlled system to a sinusoidal force tra-
jectory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.22 Block diagram for robust explicit force control . . . . . . . . . . 96
4.23 Step-response of the robust explicit force control system . . . . 96
4.24 The force response of the robust explicit force control system to
a sinusoidal force trajectory. . . . . . . . . . . . . . . . . . . . 97
5.1 Transfer charges between an electrode and ions on chorion mem-
brane causing current flow. . . . . . . . . . . . . . . . . . . . . 104
xviii
LIST OF FIGURES
5.2 Parallel-RC circuit model and circuit for measuring electrochem-
ical impedance. . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.3 Current response to a sinusoidal voltage. . . . . . . . . . . . . . 106
5.4 Current flow in a parallel-RC circuit. . . . . . . . . . . . . . . . 108
5.5 Illustration of impedance measurement setup: (a) Isometric view.
(b) Schematic isometric view. . . . . . . . . . . . . . . . . . . . 111
5.6 Illustration of explicit force-feedback system: (a) Plan view. (b)
Schematic plan view. . . . . . . . . . . . . . . . . . . . . . . . 113
5.7 Measured impedance of an unperturbed zebrafish embryo. . . . 114
5.8 Two results showing the impedance dropped after force applied
at around 600sec. . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.9 Two results showing the impedance increased after force ap-
plied at around 600sec. . . . . . . . . . . . . . . . . . . . . . . 116
6.1 Overall view of experimental setup. . . . . . . . . . . . . . . . 123
6.2 A closed view of experimental setup. . . . . . . . . . . . . . . . 126
6.3 Indenting the zebrafish chorion with a micro-indenter. . . . . . . 126
6.4 Force response curves (in respected to a displacement of 150µm)
of zebrafish chorion perturbed by a step perturbation with mag-
nitude of 100µN and perturbation time of (a) 30 seconds. (b) 40
seconds. (c) 1 minute (d) 2 minutes and (e) 3 minutes. (Square-
solid line - initial measurement. Triangle-dash line - measure-
ment taken after perturbation) . . . . . . . . . . . . . . . . . . 128
xix
LIST OF FIGURES
6.5 Reduction in Young’s modulus of zebrafish chorion subjected to
various perturbation times . . . . . . . . . . . . . . . . . . . . 129
6.6 Force response curve (in respected to a displacement of 150µm)
for unperturbed embryos. (Square-solid line - initial measure-
ment. Triangle-dash line - measurement taken after (a) 40 sec-
onds and (b) 10 minutes) . . . . . . . . . . . . . . . . . . . . . 129
6.7 Force response curves (in respected to a displacement of 150µm)
of a zebrafish chorion after being allowed to be kept in its unper-
turbed state for around 100 seconds, 340 seconds, 820 seconds
and 1780 seconds after a perturbation. . . . . . . . . . . . . . . 131
6.8 Force response curve (in respected to a displacement of 150µm)
of a zebrafish chorion which was further perturbed by a step per-
turbation with magnitude of 100µN for 40 seconds. (Square-
solid line - initial measurement. Triangle-dash line - measure-
ment taken after first perturbation. Circle-dash line - measure-
ment taken after second perturbation) . . . . . . . . . . . . . . 131
6.9 Two types of periodic force: (a) Rectangular-wave periodic force
trajectory and (b) Sinusoidal periodic force trajectory . . . . . . 132
6.10 Force response curves (in respected to a displacement of 150µm)
of zebrafish chorion subjected to a rectangular-wave force tra-
jectory with (a) TOn of 10sec TO f f of 10sec and duration of
3mins. (b) TOn of 10sec TO f f of 30sec and duration of 3mins. (c)
TOn of 10sec TO f f of 40sec and duration of 5mins. and (d) TOn
of 10sec TO f f of 50sec and duration of 5mins. (Square-solid line
- initial measurement. Triangle-dash line - measurement taken
after perturbation) . . . . . . . . . . . . . . . . . . . . . . . . . 133
xx
LIST OF FIGURES
6.11 Force response curves (in respected to a displacement of 150µm)
of zebrafish chorion subjected to a sinusoidal force trajectory
with (a) T of 50sec and duration of 3mins. (b) T of 20sec
and duration of 3mins. (c) T of 3.3sec and duration of 5mins.
(d) T of 1.3sec and duration of 5mins. and (e) T of 1.15sec
and duration of 5mins. (Square-solid line - initial measurement.
Triangle-dash line - measurement taken after perturbation) . . . 134
6.12 Reduction in Young’s modulus of zebrafish subjected to various
of (a) space width, TO f f of rectangular-wave periodic perturba-





1.1 Mechanobiology, Mechanosensing and Mechanotransduction
1.1 Mechanobiology, Mechanosensing and Mechan-
otransduction
Constantly exposed to various forms of mechanical forces inherent in their phys-
ical environment (such as gravity, stress induced by fluid flow, pressure, stretch,
compression, cell-cell interactions, etc.), cellular organisms are able to sense
such forces and convert them into biochemical signals through the processes
of mechanosensing and mechanotransduction. These two processes eventually
lead to physiological and pathological changes in their properties, structures,
and biological functions. This suggests that timely application of appropriate
external forces may be used as a means to directly manipulate the dynamics of
the internal processes (e.g., cell division and gene expression) of a cellular or-
ganism, which leads to the ultimate objective of mechano-control of biological
systems.
It has been known for over a century that mechanical forces directly affect the
biological structures of the human body. In 1892, researchers have started to
realise that the healthy bone changes its matrix in a distinct pattern map in
line with the tension or compression load exerted on the bone [20], e.g., the
Wolff’s law (by Julius Wolff (1836-1902)). However, mechanical forces have a
far greater impact on cellular functions than previously deemed. Physiologists
and clinicians now recognise that mechanical forces serve as critical bioreg-
ulators of certain biological functions, such as gene expression, cell motility,
growth, death, proliferation, and differentiation [1, 21]. Nevertheless, abnormal
forces applied to the cellular organisms (e.g., due to the failure of mechanotrans-
duction process) may destabilise the cellular structures and functions that may
lead to a formation of numerous tissue or organ pathologies including cancer,
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hypertension, and osteoarthritis [21]. For example, in cytokinesis (cell divi-
sion process), successful cell division has been regarded as critical to human
health. Any external force applied to cells must be properly adjusted or bal-
anced through mechanotransduction process. Failure in mechanotransduction
can contribute to formation of tumorigenic cells [22].
Mechanotransduction is the process by which cellular organisms respond to
external mechanical forces [23]. Many experiments have shown that cellular
organisms may change their internal structures and activities in response to
external forces. Specific experimental studies include the myosin-II redistri-
bution in dictyostelium cell when aspirated by micropipette [15], the remod-
elling of the actin network in monkey kidney fibroblast under a lateral defor-
mation [12], the increases in voltage-gated K+ current when an endothelial cell
was stretched [24], and the change in β -actin gene expression of heart and no-
tochord of a transgenic zebrafish after exposure to simulated microgravity [25].
Other experiments [26–28] have also demonstrated that the mechanical forces
could alter gene expression and differentiation of a stem cell.
Despite the fact that many mechanotransduction pathways have been exten-
sively identified, the basic mechanism by which a cellular organism changes
its behaviours or intrinsic properties in response to mechanical forces remains
enigmatic. However, it is widely accepted that these mechanotransduction path-
ways normally start from a cellular mechanism located within the membrane
surface of cellular organism. Many recent examples [29–31] have shown that
the initial response of a cellular organism to an external mechanical force occurs
at the membrane and mediates many of the downstream cellular processes.
Different types of organisms may employ different mechanisms to sense and
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transmit the same type of force. A general hypothesis is that cellular organisms
sense mechanical forces through the conformational changes of the mechanosen-
sors (e.g., stretch-activated ion channels (SAC), integrins, receptor tyrosine ki-
nases (RTK), actin, etc) that are located within the membrane of the stress-
bearing organisms, such as opening of mechanosensitive ion channels, activa-
tion of integrins, and activation of receptor-ligand bonds, which transmit the
forces across the membrane to the proteins that are physically interconnected
within the organism. The forces transmitted would then be converted into bio-
chemical signals that eventually alter the kinetic and thermodynamic behaviours
of the organism [32]. The alterations, both directly or indirectly, might help to
activate their downstream activities (e.g., dissociation of proteins bonds, protein
unfolding, and release of neurotransmitters) or produce a local structural change
(e.g., change in stiffness, gene expression, and shape).
1.1.1 Mechanoinduced Variation in Cellular Properties
Biological cellular organisms are inhomogeneous. Their mechanical proper-
ties (e.g., stiffness or Young’s modulus) are varied as a function of time. The
properties could be eminently influenced by many factors, such as the proteins
composition, the density of cross-linkers, temperature, and age. For examples,
the stiffness of embryos change over time as the embryos evolve from one de-
velopmental stage to the next [33], the rat aortic tissues become stiffer as its
age increases [34, 35], and some biological cells change their mechanical prop-
erties due to the thermal motions of molecules inside the cells. The effect of
external forces on the internal structures and activities in a cellular organism
might also manifest in changes of its mechanical properties. Experimental re-
sults from recent studies have shown that the stiffness of fibroblasts [36] and the
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elastic moduli of neutrophil [37] could be increased and reduced respectively, by
nearly an order of magnitude when the cell is deformed. It was believed that cel-
lular organisms respond to mechanical forces by changing part of their protein
structures [38] (e.g., folding or unfolding of proteins, and associates or disasso-
ciates of glycoproteins) or changing the conformation of their protein networks
(e.g., proteins recruitment) in the region where the forces are applied. Thus, this
induces a deviation in their mechanical properties. For instances, the external
mechanical forces could deplete or strengthen the non-covalent bonds between
the extracellular matrix (ECM) and the cytoskeleton [39], and could also induce
change in the membrane fluidity which enhances the myosin-II clustering [12].
Cellular transduction of mechanical forces into electrical signals is another com-
mon mechanosensory process activated in the organism in response to exter-
nal forces and often involves mechano-mediated ionic transportation. Ions or
charged species are allowed to diffuse, from a region of higher concentration to
one of lower concentration. Alternatively, the diffusion can take place from a re-
gion with higher potential to one with lower potential, across the biomembrane
of the organism through the opening of a tiny channel within the membrane. In-
direct evidence for this hypothesis is that the membrane potentials of a cellular
organism, which depends on the concentration of certain ions, could be altered
when the organism is deformed [23]. As demonstrated in a Madin-Darby canine
kidney cell [40], the kidney cell senses its membrane tension produced by me-
chanical forces with a transmembrane protein (i.e., the integrin) that is located
within the biomembrane, and modulates the intracellular calcium ions (Ca2+)
concentration on its membrane surface. The change of intracellular Ca2+ con-
centration will lead to a change of its membrane potential.
The mechano-electrical transduction involved some kinds of intracellular com-
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ponents coupling to the site of mechanical stimulation. The components attenu-
ate or amplify the stimulus and transduce to the next components. An example
is illustrated in the pain neuron system, whereby the ion channels located at the
nociceptor peripheral terminal first detect the pain causing stimulus (e.g., heat,
pressure, tissue damage, etc.) [41], and mediate an emancipating of neurotrans-
mitters. The binding of neurotransmitters to the receptor on the surface of its
neighbouring neuron opens the sodium (Na+) ion channels on that neuron and
Na+ ions passage occurs. This process has been registered as a signal [4]. The
signal is transmitted further to the subsequent neurons and is finally transmitted
to the centre nerves system (i.e., the brain), where the signal is interpreted as
pain.
Above mentioned examples have demonstrated that cellular organisms respond
to mechanical forces by changing their mechanical and electrical behaviour. The
changes in those physiological properties can result in the failure of some cel-
lular functions and may possibly lead to certain diseases. Some diseases are
known to be related to abnormalities in the mechanical properties of the organ-
isms [21], such as malaria cells [42] by which the stiffness is found to be larger
than that in healthy cells. Some diseases formations have been also found to be
related to the failure of mechano-electrical transduction including the muscu-
lar degeneration [43], cardiac arrhythmias, Brugada syndrome, cystic fibrosis,
kidney disease [44], and hypertension [45]. This suggests that, directly altering
the physiological properties of certain cellular organisms with mechanical force
may be used as a means to quantitatively diagnostics and therapy of certain type
of diseases [42].
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1.2 The needs of force sensing and control in bioma-
nipulation
The study of how cellular organisms respond to mechanical force requires accu-
rate measurement and control of the force exerted on the organisms. In general,
successful implementation of such system requires some fundamental compo-
nents including force sensor, force actuation device, payload stage or system,
and control strategy. In the last decade, various passive measurement techniques
(e.g., [12, 33, 46–51]) have been developed to determine the cellular properties
of a biological cellular organism. These techniques normally involve deforming
a cellular organism, and simultaneously measuring the induced forces. Most
of the techniques use mechanical perturbation as a means to probe the cellular
component. Usually the cellular surface is indented or extended with a micro-
manipulator (e.g., by micro-probe, micro-indenter, and micropipette suction),
and the forces exerted on the cellular surface are quantitatively measured by a
micro-force sensor. Piezo materials, such as piezoelectric actuator [46], piezo-
hydraulic actuator [52], and piezo-driven micropipette [53], are widely used to
actuate the micromanipulator. Another option, as used in this thesis, is by using
electromagnetic actuation such as voice coil actuator (see Section 4.2.1). The
electromagnetic actuator provides the necessary compliance with the additional
benefit of near-zero operating friction [54]. Thus, precise and fine resolution
generated force is ensured.
Even though considerable efforts have been made to automate the micromanip-
ulation tasks, most of the methods relied heavily on the use of vision to de-
termine the force [12, 14, 55–60]. Recent advances in Microelectromechanical
(MEMS) technology have provided novel experimental capabilities to determine
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the magnitude of force experienced at cellular and subcellular levels. Some ex-
amples are micromachined mechanical force sensor [12], two-axis capacitive
micro-force sensor [14] and piezoresistive microcantilever [19] (as illustrated in
Figure 2.15, 2.16 and 4.14, respectively). MEMS-based force sensors offer two
significant advantages:
1. miniaturisation that allow easy interfacing with individual organism;
2. fine resolution that enable sensors to measure forces in the order of micro-
Newton.
Furthermore, due to their ability to operate in aqueous solution, the MEMS-
based sensors have increasingly been used for quantitative measurements of
cellular force.
In conventional engineering manipulation, robotic manipulators are incorpo-
rated with some mechanical joints in their drive system, such as gears, lead
screws, shafts, belts, chains, and other devices. These joints may cause some
undesired effects (such as backlash, wear, friction, etc.) in the drive system.
These negative effects may reduce the control bandwidth and performance that
may lead to an unstable system [61]. In the field of biomanipulation, which
requires ultra-precise motion, the undesired effects in mechanical joints have
become the major issue in achieving motions with submicron level accuracy.
One way to overcome the problems associated with mechanical joints is to re-
place the mechanical joints with flexure mechanisms [62]. Flexure generates
motions by making use of the elastic deformation of material instead of mechan-
ical joints [63]. As it does not induce friction, backlash and wear, the resultant
motion is free from mechanical deficiencies.
8
1.2 The needs of force sensing and control in biomanipulation
Although it is known that mechanical forces play an important role in the regula-
tion of many biological functions, the creation of precise and varying controlled
mechanical stimuli is a challenging task. Despite the fact that several promising
techniques have been developed for biomechanic studies [51,64–69], those tech-
niques are inadequate for the manipulation of mechanoinduction process. The
reasons are as following: These techniques simply adapt to the organism (envi-
ronment) and apply a controlled deformation (position); the interaction force is
passively measured with no means to regulate the force errors. The interaction
force between the manipulator and environment is not considered in controller
design. The investigation of how cellular organisms change their physiological
properties in response to an external mechanical force, such as the experiments
conducted in this thesis (as described in Chapter 5 and 6), requires extensive
contact between micromanipulator and organism. Force control is needed to
augment the position control to prevent the manipulator from losing contact or to
generate excessive force to the organism. Furthermore, the experiments require
a controlled external mechanical force exerted onto the organisms and simulta-
neously measure the changes in their physiological properties. A pure position
control scheme would not work well since a small derivation from the posi-
tion results in excessive large force error. The need for force control arises also
due to the possibility that different types of force trajectories, magnitudes, and
frequency may induce different types of biological behaviour in the organism.
Moreover, a cellular organism normally exhibits a certain mechanical stiffness.
A mechanical force below a certain magnitude may not deform the organism
sufficiently to induce a significant physiological change in the organism. On the
other hand, too large a force may result in the bio-membrane of the organism
being pierced and the integrity of the organism damaged. Therefore, to study
how an external applied force may induce variation in the physiological prop-
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erties of a cellular organism requires proper sensing and control of the applied
force.
1.3 Motivation and Objectives
Micromanipulation in a conventional engineering context usually involves a ma-
nipulator interacting with a passive environment, In contract, manipulating a
cellular organism presents a new area of research because the organism (e.g.,
zebrafish embryo) is neither passive nor purely mechanical. This gives rise to
two engineering challenges:
1. Explicitly control of the applied force to achieve force regulation and tra-
jectory tracking without causing damage to the internal or external struc-
tures of the organism.
2. Quantification of the relationship between the applied force and the force-
induced physiological change in the organism.
These two problems have raised a new line of research in biomanipulation. The
works in this thesis mainly focus on the first problem and leave the second prob-
lem to future works. It is not the intention of this thesis to propose and verify a
biological exploration on how any particular mechanotransduction pathway may
operate. The main objective of this thesis is to focus on quantitative exploration
of the dynamic changes in certain physiological properties (e.g., the real-time
force-induced variation in the stiffness and impedance) of a cellular organism
(e.g., the zebrafish embryo) induced by an external force, which is applied by
using the newly developed explicit force-controlled system described in Chapter
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4. The experimental approach demonstrated in this thesis can be used in future
research to study the quantitative relationships between the applied forces and
the changes in the internal structure and /or biological activities of a cellular
organism.
Motivation
A cellular organism responds to the mechanical force in a variety of ways that
affect its biological functions and cellular properties through reorganisation of
its internal structures, including the abnormalities and diseases that are known
to be related to the change in the physiological properties of the organism [21],
such as the conformation of cancer. For instances, the stiffness of certain types
of cancer cells was found to be as much as 70% lower than that of healthy
cells [70]. Many diseases, such as Alzheimer’s disease and Parkinson’s disease,
were known to be related to ion channels dysfunction [71]. The existing ex-
periments have demonstrated that mechanical forces are an essential factor in
the determination of functions of many cellular organisms. However, the under-
lying fundamental mechanism of how mechanical forces exert their effects on
the organisms remains unknown. The works in this thesis have been motivated
by the possibility that by application of appropriate mechanical force may be
used as a means to directly manipulate or control the internal processes (such as
modifying the stiffness) of a cellular organism.
The study of manifestation in the cellular properties of a cellular organism, in-
duced by the application of an external mechanical force, can be a meaningful
starting point in exploring the complex mechanotransduction process. This in-
vestigation will ultimately lead to the objective of mechano-control of biological
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system. One way to conduct such study is to apply suitable mechanical forces on
a cellular organism and simultaneously measure its mechano-responses. These
responses include force-induced changes in mechanical and electrical properties
(such as stiffness and impedance), opening of mechanosensitive ion channels,
force-induced cell motility, etc.
The works in this thesis are different from the works in other literatures (such
as literatures cited above). This study observes the mechano-response of a cel-
lular organism by actively controlling the mechanical force instead of passively
measuring the force, as described in Section 1.2.
Objectives
The primary objective of this thesis is to detect, observe, and investigate, in a
quantitative manner, the mechano-induced variation in the physiological prop-
erties (such as impedance and stiffness) of a cellular organism (in this thesis,
zebrafish embryo was used as the model system) to a mechanical force. The
long-term objective is to develop an engineering approach to mechano-control
the biological functions or processes of an organism. In order to indent the or-
ganism, the first objective in this thesis is to design and develop a prototype
biomanipulation system that is capable of controlling the dynamic interaction
forces inherent during indentation. For this purpose, an explicit force-controlled
system, as described in Chapter 4, has been developed to apply a controlled
mechanical force on the surface of an organism. The system consists of a lin-
ear voice-coil actuator for force generation, a micro-indenter equipped with a
piezoresistive micro-force sensor for applying a prescribed force on the cellular
surface and a compound flexure stage for transmitting the force from the voice
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coil actuator to the micro-indenter. The flexure force transmission stage consists
of a movable platform and four compound leaf springs. The micro-indenter was
fixed to the movable platform with a customised sensor holder. The interac-
tion force between the micro-indenter and the cellular surface is measured and
feedback to the controller by the micro-force sensor.
In order for the cellular organisms to sense external forces, a certain period of
time is required, such as the time required for a bio-structural change and for
a protein modification. Moreover, different types of stimulation may induce
different types of biological responses in the organism. Therefore, to control
the force trajectory precisely, the second objective in this thesis is to design an
explicit force controller to achieve a stable interaction force that tracks closely
a desired force trajectory. As described in Section 4.3 of Chapter 4, two types
of force controllers, one based on a proportional-derivative-integration (PID)
structure and another based on a robust outer-loop control architecture, have
been constructed and implemented in the explicit force-controlled system.
As a first step towards the development of the explicit force controllers, the vis-
coelastic model of the organism with respects to the applied force needs to be
developed, since the degree of deformation of a cellular organism largely de-
pends on its viscoelasticity. The third objective of this thesis is to develop a de-
formation viscoelastic constitutive model of the zebrafish chorion (since in this
thesis, zebrafish embryo is used as the test model) in the context of the develop-
ment of an explicit force controller for the force-controlled system. To achieve
this, a viscoelastic model (as shown in Figure 3.6 in Chapter 3) of the zebrafish
chorion was first derived from the Maxwell-Weichert model. Dynamic indenta-
tion tests were then performed on the chorion membrane to quantify the constant
parameters for the model. The model developed consists of two Maxwell ele-
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ments in parallel with a spring. The force versus axial deformation curves were
obtained by fitting the experimental data with a least-squares algorithm.
As mentioned previously, the external forces are believed to influence the bio-
chemistry and cellular functions of the biological organisms, which will even-
tually lead to a change in their physiological properties such as impedance and
stiffness. The fourth objective of this thesis is to quantitatively detect the force-
induced change in these physical properties of the zebrafish chorion. For that
purposes, a series of experiments have been conducted to investigate the force-
induced variation in the electrical property (i.e., impedance) and the mechani-
cal property (i.e., stiffness) of the zebrafish chorion. In the first set of experi-
ments (as described in Chapter 5), the membrane of zebrafish chorion was in-
dented by the explicit force-controlled system described above, while the dy-
namical changes of its impedance was simultaneously measured with Electri-
cal Impedance Spectroscopy (EIS) technique [72]. In the second set of experi-
ments, the explicit force-controlled system has been used to further investigate
the force-induced variation in mechanical properties of zebrafish chorion after
being perturbed by an external applied prescribed force (as described in Chap-
ter 6). The Young’s modulus (which reflects the stffness) of a zebrafish chorion
prior to being perturbed was determined by fitting the experimental data with
the classical Hertz model, which had been excessive used to express mechan-
ical properties of biological samples [73–76]. The zebrafish chorion was then
indented by certain force profile (i.e., step, rectangular-wave, and sinusoidal pe-
riodic force), with a magnitude of around 100µN, for various durations or fre-
quencies. After the perturbation, the Young’s modulus of the chorion was deter-
mined again by fitting the experimental data with the classical Hertz model. The
Young’s modulus before and after the perturbation was then compared to deter-
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mine the force-induced variation in the mechanical property of the zebrafish
chorion.
Based on the best knowledge of the author, this was the first time such mechanoin-
duction experiments were conducted. The experimental results obtained provide
immediate evidence to support the hypothesis that certain physical properties of
some cellular organisms can be modified by applying an appropriate mechanical
force.
1.4 Organization of the thesis
The remaining chapters of this thesis are organised as follow:
Chapter 2 presents some background related to mechanotransduction, such as
the mechanosensors, and reviews a number of force-control approaches that
have been commonly used in mechanobiologies studies.
Chapter 3 presents the development of a viscoelastic model of zebrafish em-
bryo. The model is derived from a generalized Maxwell model (also known as
Maxwell-Wiechert Model) [77], which consists of three parallel arms. One of
them is formed by an elastic spring. The other two are formed by two Maxwell
models, whereby each contains a spring and a damper. This model is essential
for the controller design presented in Chapter 4.
Chapter 4 presents the development of the explicit force control system and
control algorithms.
Chapter 5 presents a set of experiments to study the force-induced variation in
the impedance of zebrafish chorion.
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Chapter 6 presents a set of experiments to study the force-induced variation in
the stiffness of zebrafish chorion after being perturbed by an external mechanical
force.








Mechanosensation is an essential process for cellular organisms to interact with
the mechanical forces inherent in their physical environments. The mechanical
forces have profound effects on cellular membrane, such as inducing surface
tension. The effects eventually result in changes in cellular functions, struc-
tures, and properties of the cellular organisms. The mechanosensors (such as
integrin and ion channels) located within the cellular membrane are responsible
for sensing the mechanical force and transmitting the mechanical information
to a second messenger system inside the organisms (see Figure 2.1).
Typical mechanosensors are normally connected to the biomembrane and cy-
toskeleton directly. They are able to sense the mechanical stimuli and regulate
certain biochemical signalling events. For example, if a Madin-Darby canine
kidney cell is being stretched, the integrin, which is located within the biomem-
brane that binds to the extracellular matrix (ECM), mediates a change of the
intracellular Ca2+ ions concentration on the cell membrane surface [40]. Inte-
grins [78] are heterodimers made up of a combination of α and β sub-units.
They serve as mechanorecptors as they are the first element to sense the me-
chanical forces applied to the cellular organism surface [79]. Forces exerted
on the biomembrane tend to stretch the membrane and induce conformational
change in their surrounding ECM. The change in turn stimulates the release of
certain ions (e,g., Ca2+ ions) through the specific integrin-mediated signalling
pathways [80]. The forces exerted on the biomembrane could also cluster the
integrin networks, resulting in the accumulation of protein kinases such as SRC
kinases.
It is also generally accepted that ion channels are involved in the mechanotrans-
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Figure 2.1: A schematic illustration of mecahnotransduction mechanism
(Adapted from [1]).
duction processes, which facilitate ionic movement across biomembranes. Ion
channels can be classified according to the type of stimuli that cause them to
open or close, such as voltage-gated ion channels that are sensitive to the change
of their membrane potential, ligand-gated ion channels that are bonded to lig-
and, and mechanosensitive ion channels that are activated by mechanical stim-
uli. Mechanosensitive (MS) ion channel is one of the three major classes in-
volved in mechanotransduction. MS ion channels are proteins that form the
hydrophilic pores within the biomembranes, which sense the stress on the cell
membrane and relieve the stress by opening or closing the pores to change the
osmolarity of the membrane. Mechanosensitive ion channels have been found to
participate in the physiological processes such as touch and pain sensation [41],
hearing [81], blood pressure control [82], and regulation of cell volume and
turgor [83]. Nevertheless, abnormalities of mechanosensitive ion channel func-
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tions may induce certain diseases, including the muscular degeneration, cardiac
arrhythmias, Brugada syndrome, cystic fibrosis, kidney disease, and hyperten-
sion [43–45].
Results from several studies have demonstrated that mechanosensitive ion chan-
nels play an important role in the activation of several mechanosensitive sig-
nalling pathways. [4, 41, 84–88]. However, the understanding of the functions
of MS ion channels is still limited compared to what has been known about
voltage- and ligand-gated ion channels. One hypothesis is that the ion channels
are directly activated through the increased tension exerted on the biomembrane.
The mechanical force exerted on the cell membrane increases the membrane
tension, resulting in a structural deformation or modification of the interaction
between the two transmembrane lipids (as illustrated Figure 2.2 (a)). The con-
formational change would triggers the ion channels to open [89].
The MS ion channels could also be activated through the force transduced by
the proteins connected to the channels, such as extracellular matrix (ECM) and
cytoskeleton (see Figure 2.2 (b)). For instance, as illustrated in Figure 2.3, in the
mechanosensory organelle of hair cell in the inner ear, the direction of stereocilia
deflection is the key to activating the ion channel. The deflection that stretches
the tip link of the stereocilia, induced by the acoustics pressure, causes the ion
channels to open, while a deflection that relaxes the tip link closes the channels
[81, 89, 90].
MS ion channels act as mechanotransducers and mechanoelectrical switches,
which detect the mechanical forces exerted on the cell membrane and trans-
duced them into bioelectrical or biochemical signals, resulting in an alteration
in the electrical properties of the biomembrane. For example, in the pain neuron
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Figure 2.2: Activation mechanism of mechanosensitive ion channels: (a) The
tension developed in the biomembrane directly triggers the channels. (b) Dis-
placement of the extracellular matrix or the cytoskeleton relative to the ion chan-
nel triggers the channel to open or close (Adapted and redrawn from [2]).
Figure 2.3: Schematic illustration of hair-cell transduction mechanism: When
the stereocilia is tipped toward by its neighbouring stereocilia, the tip link pulls
on and opens the ion channel. Movement in the opposite direction relaxes the
tip link so that any open channels will close (Adapted and redrawn from [3]).
(as mentioned in the previous chapter), the ion channels (e.g., Transient Recep-
tor Potential Channel (TRP), Acid Sensing Ion channels (ASICs), P2X3, etc.)
located at the nociceptor peripheral terminal first detect the pain causing stimuli
21
2.1 Mechanosensors
(e.g., heat, pressure, tissue damage, etc.) [41]. The stimuli mediate the Ca2+
ion channels to open (see Figure 2.4). The increase in Ca2+ ion concentration
leads to the release of neurotransmitters. The binding of neurotransmitter to the
receptor on the surface of its neighbouring neuron opens the Na+ ion channels
on that neuron and Na+ ion passages occur. This process has been registered
as a signal [4]. The signal is transmitted further to the subsequent neurons and
up to the centre nerves system (i.e., the brain), where the signal is interpreted as
pain.
Figure 2.4: A neuro-transmission process in presynaptic cell (a) The neuro-
transmitter is stored in vesicles in a resting state. (b) An action potential leads
to influx of Ca2+ into the presynaptic cell. Consequently, this releases the neu-
rotransmitter into the synaptic cleft. (c) The neurotransmitter diffuses across the
synaptic cleft and binds to receptors on the surface of the postsynaptic cell. The
ion channel opens and there is an influx of Na+ ions into the postsynaptic cell
(Adapted from [4]).
2.1.1 Membrane Potential
Ion channels are ion-selective channels, as they only permit specific ions to pass
through. The passages are mostly governed by the membrane potential of the bi-
ological membrane. Biological membranes are one type of important functional
components of cells. They form the boundaries that define the extracellular and
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cytoplasmic sides of cells [5]. They are mainly composed of lipid molecules or
non-covalent linked proteins. The thickness of the biomembranes varies from
50 to 100 Angstroms. The lipid consists of a polar hydrophilic head and a hy-
drophobic hydrocarbon tail. The hydrocarbon tails interact with one another and
form the lipid bilayer (as illustrated in Figure 2.5).
Figure 2.5: Schematic representation of bilayer lipid membrane (Adapted and
redrawn from [5]).
Most biomembranes are electrically polarised. Since the fluid inside and outside
the cell being highly conductive while the membrane is highly resistive, there
exists a potential difference (membrane potential) between the interior and ex-
terior of the cell [91]. The membrane potentials arise primarily due to the dif-
ference between the internal and external ions concentration of the cell. The ion
channel located within the lipid bilayer (see Figure 2.2) provides a directional
transport system for specific ions to move across the bilayer. The changes of
membrane potential can be initiated by the opening of ion channels that allow
selective passage of certain ions. The potential change depends on the nature of
the ions crossing the biomembrane, i.e., ions are diffused from regions of higher
concentration (or higher potential) to that of lower concentration (or lower po-
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tential) [4]. For example, in a cardiac cell (as shown in Figure 2.6), since the
concentration of K+ is much higher inside the cell than outside, K+ ions will dif-
fuse out of the cell through the opened potassium channels, leaving behind the
negatively charged proteins. In contrast to the K+ ions, because their concen-
tration has a higher exterior, the Na+ and Ca2+ ions favour an inward diffusion
through the sodium and calcium channels respectively.
Figure 2.6: Schematic diagram illustrates the progression in the development of
membrane potential.
2.1.2 Surface Charge and Double Layer
The conductance of ion channel depends on the ion concentration near the mem-
brane surface. The ion concentration on the membrane surface determines its
surface electrical charge. In the conductive configuration (open state), ion chan-
nels permit millions of ions to flow across the membrane, which will lead to the
polarisation or neutralisation of surface charge. The change in surface charge
causes change in the magnitude of the membrane potential, ultimately resulting




The Gouy-Chapman theory [6] suggests that the surface charges lead to the
formation of a double layer whose function is similar to that of a parallel plate
capacitor, as shown in Figure 2.7. One layer would be the compact layer formed
by ions located near the contact surface between the electrode and the solution.
The other layer is formed by the diffuse layer in which the ions in the solution
are free to move. The voltage applied to the electrode and ion concentration
in the solution would influence the value of the double layer capacity. The
neutralisation of the surface charge will reduce the double layer capacity.
Treating the double layer as two capacitors in series leads to the Gouy-Chapman












where σ denotes the elementary charges per nm2; ε and ε0 are relative permit-
tivity and permittivity of vacuum, respectively; R is the gas constant; T is the
temperature; F is the Faraday constant; ci(ω) is the concentration of ion ”i”
with charge zi, and ΦGC is the Gouy-Chapman potential at 25oC.
The surface charge density reflects both the membrane potential and the ion
concentration near the surface. As implied by Equation 2.1, the surface potential
resulting from a given charge density depends on the ionic strength. Higher
ion concentration reduces the surface charge, resulting in a lower membrane
potential. Therefore, it is possible to determine ion concentration simply by
measuring the surface charge of a biomembrane.
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Figure 2.7: Negative charges from an electrode neutralize positive surface
charges and form a double layer (Adapted and redrawn from [6]).
2.2 Zebrafish Chorion Architecture
Being a vertebrate animal, zebrafish (Danio Rerio) represents a valuable re-
source for identifying genes involved in human diseases. The zebrafish is a small
fish with a length of about 3 to 4 cm (see Figure 2.8). The size of its embryos are
about 1 mm in diameter, making them easy to manipulate. They are biologically
safe, easily obtainable, have a short development span, and are translucent. Fur-
thermore, their development outside the mother’s body is suitable for in vitro
examination. The behaviour of zebrafish closely resemble humans in many bio-
logical traits, such as the embryo development processes (see Figure 2.9). It has
become a very useful model system for studying biological development, and
for the exploration of new techniques for force-based micro/bio-manipulation
(e.g., [46, 92]).
Surrounding the developing embryo, the extracellular envelope (commonly known
as the chorion in teleost [10,93,94] (as shown in Figure 2.10) or zona pellucida
in mammalian [8,47,93]) serves as a defence mechanism against external forces
26
2.2 Zebrafish Chorion Architecture
Figure 2.8: Picture of an adult zebrafish (Adapted from [7]).
(a)
(b)
Figure 2.9: The development cycle of: (a) Zebrafish embryo and (b) Human
embryo.
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exerted by the environment that may cause mechanical damage to the embryo.
The chorion, mainly composed of proteins and glycoproteins [95], is highly
cross-linked and insoluble. Nearly all types of chorion have a similar glycopro-
tein structure. A mature glycoprotein consists of a ZP domain and an internal
hydrophobic patch (IHP) within the ZP domain [93, 96]. The polymerisation
between the proteins, due to the interactions of IHP, leads to the formation of
non-covalent interacted filament [96]. Three different types of glycoproteins
have been found in the mouse zona pellucida [93, 97], i.e., ZPA, ZPB and ZPC.
The ZPA and ZPC are interconnected and form a long filament. The long fil-
aments are highly cross-linked by the third glycoprotein (i.e., ZPB) and form
the three dimensional structure, as shown in Figure 2.11. The three dimensional
structure is expected to give the chorion the necessary stiffness [9].
Figure 2.10: Structure of a zebrafish embryo.
Numerous studies [98–100] have reported that the major glycoproteins found in
zebrafish chorion are ZPB and ZPC. No ZPA has been found in teleost chorion.
However, recent research [101] reported that a new glycoprotein (i.e., ZPX)
which was not found in mammalian is presents in fish chorion. Analysis has
shown that the ZPX is very similar to ZPA protein.
Structurally the zebrafish chorion consists of three electron-dense layers [10,95,
102]. The two innermost layers are penetrated with pore canals. Pore plugs
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Figure 2.11: Model of zona pellucida as postulated by [8] and redrawn from [9].
deposited on the individual outer pore openings (located on outer layer) block
the pore canals from the outside environment (as illustrated in Figure 2.12). The
mechanism of the formation of such plugs remains unknown.
Figure 2.12: Structure of the zebrafish chorion (adapted and redrawn from [10]).
Z1: outer layer, Z2: middle layer, Z3: inner layer, P: pore canal, PP: pore plug.
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2.3 Devices and Techniques for Mechanotransduc-
tion Study
Quantitative investigation of cellular response to mechanical force requires ap-
plication of a suitable external force to the cellular organism and measurement
of its mechano-responses, such as change in cellular deformation, viscoelastic-
ity, stiffness, impedance, and other physiological properties. Due to the com-
plex nature of biological organism, it is difficult to observes the specific sig-
nalling pathway of mechanotransduction process in the in vivo environments.
This makes the investigations on cellular responses to mechanical forces ex-
ceptionally challenging and have led to heavy reliance on the use of in vitro
systems. In addition, sensing the dynamic responses of cellular organisms to
mechanical forces requires that measurements be performed dynamically.
Various innovative techniques have been developed to apply external forces me-
chanically on cellular organisms, with magnitudes ranging from micro-Newton
to nano-Newton or even pico-Newton. In using those techniques, the surface
of the organisms are usually depressed, indented or extended. The precise
forces (e.g., uniaxial and biaxial tension or compression, shear, pressure, or
combinations of one another) are applied onto the cellular surfaces by a num-
ber of micromanipulation tools and techniques [103]. Some examples are using
mechanical, optical or magnetic means, such as micropipette aspiration, laser
trapping, magnetic bead measurement, microcantilever sensor, atomic force mi-
croscopy, cell poker, micromechanical cell stretching, and electrodeformation
(e.g., [12, 33, 42, 46, 67]). The forces applied can be dynamic or transient, and
distributed or localised [42]. Due to the variety of the types, magnitudes, and
rates of loading, different techniques tend to elicit different responses from cel-
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lular organisms. However, in the work reported in this thesis, a localised force
is applied to a cellular organism. Therefore, in this section, only those tech-
niques related to applying localised forces on individual cellular organism are
reviewed.
2.3.1 Atomic Force Microscope (AFM)
Atomic force microscopy (AFM) is normally used for the purpose of imag-
ing [104]. Recently, it has been used to probes the biological material in aqueous
physiological environments, including obtaining the cytoplasmic protein state
within a cell [105], monitoring the growth and division of Staphylococcus au-
reus [106], and imaging the topology of a double stranded deoxyribonucleic
acid (dsDNA) [107]. The main component of AFM is the force-sensitive micro-
cantilever (as indicated in Figure 2.13). A fine pyramidal shaped sharp stylus or
tip, which is in the order of nanometer, is attached to the end of the soft elastic
cantilever. The deflections of the cantilever are measured by an optical beam or
sensed with an interferometer. Typically, laser light is used to measures the de-
flection. The laser light is focused on the top of the stylus and reflected into an
array of position sensitive or quadrant photo diode. When the stylus is brought
closely to the surface of a specimen, the force induced to the stylus leads to a
deflection of the cantilever. The deflection is amplified and sensed by the photo
diode [108]. The force produced by AFM is proportional to the deflection of the
cantilever, as described by Hooke’s Law:
F =−kx (2.2)
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where F is the force, k is the spring constant of cantilever, and x is the cantilever
deflection. The spring constant usually ranges from 0.01 to 1.0 N/m. This makes
the AFM ultra-sensitive and can be used to measure the high resolution forces
ranging from µN to nN.
Figure 2.13: Schematic setup diagram of Atomic Force Microscopic (AFM)
(Adapted from [11]).
AFM is used not only in the field of biological topography imaging, but also
in the measurement and application of cellular forces [109, 110]. AFM uses its
pyramidal sharp stylus to indent the soft biological membrane (as shown in Fig-
ure 2.14) and simultaneously measures the interaction force between the stylus
and the sample. The AFM is able to determine the force exerted on the biolog-
ical samples accurately and precisely. The idea of measuring cellular responses
with AFM has been demonstrated in [74], [68], and [111]. Recently, the AFM
also has been used to determine the stiffness of a cancer cell [112], measure un-
folding force of a protein [113], measure the interaction forces between ligands
and proteins [114], determine the leukocyte-endothelial interaction forces [64],
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and unfold α2-macroglobulin molecules [115]. However, mechanotransduction
experiments are difficult to implement using the AFM, mainly due to its control
issues [116].
Figure 2.14: Schematic illustration of experimental method using AFM to probe
the mechanical properties of biological cells.
2.3.2 Microelectromechanical (MEMS)
Microelectromechanical (MEMS) systems technology has emerged as an im-
portant tool in the study of mechanibiology. For instance, micromachined me-
chanical force sensors was used to measure the force response of the monkey
kidney fibroblast [12]. The force sensor consists of a probe connected with two
flexible beams (as shown in Figure 2.15) [13]. The probe is used to deform the
cells and the applied forces are sensed by the deflection of the flexible beams.
The force response of the cell is obtained by multiplying the deflection of the
sensor beams by their spring constant. In this study, the indentation caused a
large buckling of stress fibres and actin agglomeration in the cell’s actin net-
work [65], which suggested that the force induced the protein recruitment near
the force applied region.
In another instance, a MEMS-based two-axis capacitive micro-force sensor was
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Figure 2.15: Schematic drawing of one-component force sensor developed by
[12] (Adapted from [13]).
used to measures the normal forces applied to a biological cells as well as the
tangential forces due to improper aligned cell probes [14]. The design of the
sensor is illustrated in Figure 2.16. The sensor consists of six pairs of comb
capacitors. The body of sensor has a constrained outer frame and a movable
inner structure connected by four curved springs. A probe is attached in front
of the inner structure. When a force is applied on the probe, the inner structure
will move backwards, which in turn will change the distance between each pair
of comb capacitors. The applied force is determined by the total capacitance
change in the sensor.
The sensor has been integrated into a microrobotic cell manipulation system to
determine the forces applied on the zona pellucida of mouse embryos [47]. This
system, integrated with a vision device, has also been used to investigates the
effects of the zona hardening in the mouse embryos [51].
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Figure 2.16: Schematics illustration of capacitive force sensor (Adapted from
[14]).
2.3.3 Micropipette Aspiration
Micropipette aspiration was first developed to measure the elastic properties of
sea urchin eggs [42]. This method has later been used extensively to study the
biomechanical properties [50]. Unlike the AFM, micropipette aspiration pro-
duces a deformation that extends the cell surface into the pipette rather than in-
dents into the interior of the cell. In this technique, a glass micropipette with an
internal diameter of 1 to 5 µm is placed at the membrane surface and a negative
pressure (Pp) is applied through the micropipette (see Figure 2.17). The pres-
sure partially aspirates and elongates the cell into the micropipette and deforms
the cell membrane. The deformation (dimension L as shown in Figure 2.17)
varies with the pressure applied and can be recorded with a camera [103]. The
force exerted on the biomembrane can be adjusted by regulating the aspiration
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where F is the measured force, Pp is the applied suction pressure, and Rp is
the radius of micropipette. The difference in pressure across the cell membrane
is related to its deformation. By analysing the deformation and force response
of the cell, material properties, such as elastic and viscoelastic property, can be
determined.
Figure 2.17: Schematic showing a biological cell being aspirated in to a mi-
cropipette with a suction pressure.
The micropipette aspiration technique could be used to measure the force up
to pN level. It has been extensively used to evaluate the mechanical proper-
ties of cells, such as in the studies of the viscoelastic properties of chondro-
cytes from normal and osteoarthritic human cartilage [118], the osteoarthritic
changes in Young’s modulus, hydraulic permeability, and the Poisson’s ratio
of the chondrocyte pericellular matrix in articular cartilage [119], the effects
of emerin deficiency on the mechanical properties of the cell nucleus [120],
and the viscoelastic properties of mechanically and chemically isolated nuclei
of articular chondrocytes [121]. The technique could be used to investigate the
force-induced responses of cells, in the force-induced dissociation of single pro-
tein A-IgG bonds [122], and the myosin-II redistribution (Figure 2.18) on the
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site of a cell deformation during anaphase stage [15], for instance.
Figure 2.18: Line scan of three examples of mitotic cells showing the myosin-
II redistributes to the site of cell deformation when subjected to a micropipette
aspiration (Adapted from [15]).
2.4 Concluding Remarks
The background related to the work reported in this thesis and some techniques
for applying localised forces on individual cellular organism have been reviewed
in this chapter. Although many techniques have been developed to apply me-
chanical force to cellular organisms, those techniques are inadequate for the ma-
nipulation of mechanoinduction process. The reasons are as following: These
techniques simply adapt to the organism (environment) and apply a controlled
deformation (position); the interaction force is passively measured with no means
to regulate the force errors. The interaction force between the manipulator and
environment is not considered in controller design. The investigation of how
cellular organisms change their physiological properties in response to an ex-
ternal mechanical force, such as the experiments conducted in this thesis (as
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described in Chapter 5 and 6), requires extensive contact between micromanip-
ulator and organism. Force control is needed to augment the position control to
prevent the manipulator from losing contact or to generate excessive force to the
organism. Furthermore, the experiments require a controlled external mechani-
cal force exerted onto the organisms and simultaneously measure the changes in
their physiological properties. A pure position control scheme would not work
well since a small derivation from the position results in excessive large force
error. The need for force control arises also due to the possibility that differ-
ent types of force trajectories, magnitudes, and frequency may induce different
types of biological behaviour in the organism. Moreover, a cellular organism
normally exhibits a certain mechanical stiffness. A mechanical force below a
certain magnitude may not deform the organism sufficiently to induce a signifi-
cant physiological change in the organism. On the other hand, too large a force
may result in the bio-membrane of the organism being pierced and the integrity
of the organism damaged. Therefore, to study how an external applied force may
induce variation in the physiological properties of a cellular organism requires
proper sensing and control of the applied force. Prior to implement effective
sensing and control of applied forces, the first step is to model the viscoelas-
tic behaviour of cellular organisms (in this thesis, zebrafish embryo is used), as
presented in next chapter.
38
Chapter 3





Rheology is the science that deals with the deformation and flow of a material
under the influence of mechanical forces. The force exerted on a material is
termed “stress” and the deformation of the material influenced by the force is
termed “strain”. The stress-strain relationship of the material defines its rheo-
logical properties such as elasticity, plasticity, viscous, and viscoelasticity. Ma-
terials deform when they are subjected to mechanical forces. Elastic material
deforms reversibly, plastic material deforms permanently (irreversible) when
the applied force exceeds the yield point, and viscous material flows. Cellular
organisms are different from normal engineering materials (such as steel, poly-
mer, glass, plastic, etc.). Cellular organisms can develop an active response to
the applied force, due to their ability to transform mechanical forces into bio-
chemical signals (i.e., mechanotransduction process) [123]. Cellular organism
normally are characterised by their complex viscoelastic behaviours. Such be-
haviours are time-dependent and lie between being purely elastic and purely
viscous. When cellular organisms are mechanically deformed, they simultane-
ously exhibit an elastic solid behaviour on a short-time scale and a viscous fluid
behaviour on a long-time scale [124]. The elastic solid has a perfect memory of
its original state, as it returns to its original state after the force is removed. In
contrast, the viscous fluid has no memory of its original state, it never returns
to its original state upon removal of the force. These characteristics lead to the
time dependent nature of their responses to the stress or strain.
The viscoelasticity plays an important role in the cellular processes such as cell
divisions. It is highly dependent on several factors, such as temperature differ-
ence, residual stress, loading rate, molecular structure, and intercellular forces.
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Viscoelasticity of a cellular organism is determined in a complex way by its
cellular membrane and the associated proteins. For instance, if biological cells
are subjected to a force substantially longer than their relaxation time, the pro-
teins rearrange their locations within the cell to relieve the stress and form a new
equilibrium configuration, which in turn would alter their viscoelasticity.
One of the objectives of this research is to study the mechano-response of a cel-
lular organism deformed by mechanical forces, using zebrafish embryo as a test
model. The degree of deformation is highly dependent on the viscoelasticity of
the cellular organism. Prior to the development of the explicit force controller as
described in Chapter 4, the viscoelastic model of the cellular organism needs to
be established. Such a model requires the quantification of the force versus dis-
placement relationship of the cellular organism. Therefore, in order to develop
the model that describes the viscoelastic properties, the stress-strain character-
istics of the cellular organism are determined empirically by a stress-relaxation
experiment. Immediately after the experiment, the constitutive equation are for-
mulated by fitting certain parameters using the experimental data obtained.
Some biomembranes may exhibit plastic flow when the surface shear forces ex-
ceed yield thresholds [125]. However, experimental evidences have shown that
zebrafish embryos exhibit viscoelastic behaviour [94, 126, 127]. Moreover, the
zebrafish chorion fractures with little or no plasticity extension (see point A and
B in Figure 3.1). Thus, this chapter only investigates the viscoelastic properties
of the zebrafish chorion membrane, and analyses its response with a linear vis-
coelastic model. The objective is to develop a viscoelastic constitutive model
of the zebrafish chorion in the context of the development of an explicit force-
controlled system described in Chapter 4. In this present study, the first step is to
derive a viscoelastic model of the zebrafish chorion from the Maxwell-Weichert
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model. Indentation tests are subsequently performed on zebrafish chorion to
obtain the parameters for this model.
Figure 3.1: Force vs displacement curve of the penetration process for zebrafish
embryos.
3.2 Linear Viscoelastic Models
Although the biological membranes are nonlinear, inhomogeneous and anisotropic,
they can be described mathematically as passive viscoelastic material. For ex-
ample, the linear viscoelastic mechanical model is one of the common models
used to represent biological behaviour. The complex responses of biological
organisms to an applied stress or strain can be modelled by a combination of
Hookean spring and Newtonian damper [77]. The elastic behaviour is modelled
with the Hookean spring while the viscous behaviour is modelled with the New-
tonian damper. By making various combinations of these two elements, various
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viscoelastic models can be built. For example, the Maxwell model (by James
Clerk Maxwell (1831 - 1879)) is a combination of a spring and a damper in se-
ries while the Voigt model (by Woldemar Voigt (1850 - 1919)) is a combination
of a spring and a damper in parallel. The characteristic of the spring depends on
the stiffness of the spring and the deformation that was induced by the applied
stress, as described by the Hooke’s Law [77]:
σ(t) = kε(t) (3.1)
where the applied stress σ(t) and the strain ε(t) are analogous to the applied
force and the displacement, respectively, while the spring constant k is analo-
gous to the Young’s modulus or modulus of elasticity E and has a unit of Pascal
(Pa) or N/m2. The fundamental characteristic of a Hookean spring is that it
can be deformed such that after the removal of the stress, it is able to return
instantaneously to its original state. The magnitude of the stress is related to the
mechanical energy stored in the spring.
The Newtonian damper is truly viscous; its response is out of phase with respect
to stress. Thus, the damper has a delayed response (due to the viscosity of the
damper) to the applied stress. Its characteristic is dependent on the viscosity of
the damper and the strain rate. When the stress is removed, the damper does not
return to its original state. The stress-strain rate relationship of the damper is
given by the Newton’s Law [77]:
σ(t) = bε˙(t) (3.2)
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where σ(t) is the applied stress, ε˙(t) is the strain rate and b is the viscosity with
the unit of N-s/m2.
3.2.1 Maxwell Model
The classification of materials into Hookean elastic solids or Newtonian viscous
fluids has be accepted for over a century. Recently, experiments have shown that
the stress-strain relations for viscoelastic materials follow neither the Hookean
deformations nor the Newtonian flow patterns alone. One of the examples is
the permanent deformation of metals when the stress increases beyond a certain
limit. When the viscoelastic material is deformed, some energy is always stored
while some is dissipated. Therefore, in rheological study of viscoelasticity, a
combination of Hookean spring and Newtonian damper is often used to evaluate
these combined solid and fluid-like characteristics. For example, the first consti-
tutive model designed to model the viscoelastic materials, the Maxwell model,
consists of a spring and a damper connected in series. In 1867, the Maxwell
model developed by James Clerk Maxwell (1831 - 1879) was initially used
to determine the time-dependent viscous properties of gaseous materials [128].
This model has later been widely used to described the viscoelastic behaviour
of other materials, such as biological cells and polymer. As depicted in Figure
3.2, the model is formed by a linear elastic spring with a linear viscous damper
connected in series [77]. The spring represents the elastic or energetic compo-
nent while the damper represents the conformational or entropic component of
the material.
The stress on each element (i.e., the spring and the damper) is identical and equal
to the applied stress, while the strain is the sum of the strain in each element:
44
3.2 Linear Viscoelastic Models
Figure 3.2: The Maxwell model.
σ = σs = σd (3.3)
ε = εs + εd (3.4)
where the subscripts s and d represent the spring and damper respectively. Dif-
ferentiating Equation 3.4 and expressing the strain rates in terms of stress, lead
to the stress-strain relationship equation:






If the Maxwell model is subjected to an instantaneously applied constant strain
ε = ε0, the relationship of the stress response over time can be obtained by
integrating Equation 3.5. Since the ε˙ = 0, integrating Equation 3.5 yields :
σ(t) = σ0e
− kb t (3.6)
where bk is commonly referred to as the relaxation time. The relaxation time
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is the measure of time for the energy stored in the spring to dissipate, which is
inversely proportional to the rate of molecular motion.
When a strain is applied to a Maxwell model at an instance of time and held
constant thereafter (e.g., the material is constrained in a fixed shape), there is
an instantaneous initial elastic behaviour followed by a continuous stress relax-
ation caused by the damper. As shown in Figure 3.3, the stress will eventually
decay to zero due to rearrangement of the internal molecules to a favourable
configuration which gradually produces lower stresses. Thus, a Maxwell model
exhibits the characteristics of a fluid with an initial elastic response.
Figure 3.3: Stress relaxation of the Maxwell model held at constant strain.
3.2.2 Voigt Model
Voigt model is another model commonly used to describe the viscoelasticity of
biological organisms. Developed by Woldemar Voigt (1850 - 1919), the Voigt
model is formed by a combination of a spring and a damper connected in paral-
lel, as shown in Figure 3.4.
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Figure 3.4: The Voigt viscoelastic model.
Unlike the Maxwell model, the strain of the Voigt system is identical to the
strain in each spring and damper. However, the stress of the entire system is the
sum of the individual stress in each component. The total stress and strain can
be described by:
σ = σs +σd (3.7)
ε = εs = εd (3.8)
Since σs = kε and σd = bε˙ , substituting them into Equation 3.7 yields:
σ(t) = kε +bε˙ (3.9)
where ε is the strain in each of the spring and damper. The Voigt model does
not show stress relaxation under constant strain while the Maxwell model does,
since the stress remains constant. When a stress applied to the Voigt model at an
instance of time and then held constant thereafter, the system is only deformed
after the damper begins to move. Thus, the Voigt model behaves in an initially
rigid manner and creep asymptotically (as indicated in Figure 3.5) under the
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constant applied load.
Figure 3.5: A typical creep of the Voigt model under a constant stress.
3.2.3 The Maxwell-Weichert Model
The Maxwell and Voigt models are two examples of the basic linear viscoelas-
tic mechanical models. Their constitutive equations can be represented by a
linear first order differential equation. However, neither the Maxwell model
nor the Voigt model is considered to be a particularly good model of the force-
deformation-time behaviour of biological materials, such as Zebrafish embryo
used in this thesis. The Maxwell model does not describe strain retardation
(creep) and the Voigt model does not describe stress relaxation. Hence, both
models describe different behaviour for the same prescribed stimulus.
The Maxwell model was used to represent the viscoelastic behaviour of the
leukocyte in a recovery experiment [129]. However, the model is valid only
for a very limited set of materials, since the Maxwell model can only be used
to represent the system with which the stress decays to zero. In biological or-
ganism, molecular segments with various lengths contribute to the relaxation
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process, with the shorter segments relaxing much more quickly than the longer
ones. This leads to a distribution of relaxation time, which in turn produces a
relaxation spread that has a much longer time than the Maxwell system pre-
scribes [77]. The Maxwell-Wiechert model, also known as the generalised
Maxwell model, therefore provides a more realistic representation of the be-
haviour of biological materials.
Figure 3.6 shows a Maxwell-Wiechert model having one Hookean spring and
two Maxwell elements connected in parallel. The two Maxwell elements and
the parallel spring k1 experience the same strain and the total stress σ is the sum
of the stress in each arm. The total stress σ transmitted by the model is the sum
of the stress in the isolated spring and in each of the Maxwell elements, i.e.,
σ(t) = σ1 +Σσi (3.10)
where i starts with 2.









where Fm is the force applied to Maxwell arm and x is the deformation. Since the
force and deformation initially are equal to zero, Equation 3.11 can be expressed
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Adding the forces to that of the isolated spring, Equation 3.10, in Laplace form,











By solving Equation 3.13 for the case of a stress relaxation, where a step strain
is applied, the model of contact force F with respect to the deformation x over


















where x0 is a constant. Then
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Figure 3.6: Maxwell-Weichert model having two Maxwell elements.
3.3 Viscoelastic Model of Zebrafish Chorion
3.3.1 Experiment Setup
A prototype general-purpose micromanipulation system was developed to gen-
erate empirical data for determining the parameters of the viscoelastic model
of a deformed zebrafish chorion shown in Figure 3.6. The system consists of a
micropipette which was used to indent the zebrafish chorion. All the zebrafish
embryos used in this experiment were collected in accordance with the standard
embryos preparation procedures [7]. They were at a state between four to six
hours after fertilisation. To account for the effect of temperature, the experiment
was conducted in a clean room environment with the temperature controlled at
21°C to 23°C. Figure 3.7 (a) illustrates the components of the micromanipula-
tion system. The zebrafish embryo was immobilised by a customised holder,
which consisted of a plastic cuboid whose bottom was glued to a transparent
plastic sheet. The cuboid acted as a stopper to keep the zebrafish embryo sta-
tionary when the zebrafish chorion was being indented by the micropipette. The
cuboid was designed to have a slightly greater height than the diameter of the
embryo in order to ensure that the edge of the rectangular cube and the perime-
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ter of the embryo could both be properly focused by the vision system. A small
amount of water was dripped into the corner at the base of the cuboid, as illus-







































Figure 3.7: Schematic illustration of (a) the overall micromanipulation system
and (b) the small pool area.
The holder was mounted on a commercialised high-precision positioning stage,
which could be manoeuvred in six axes so that the wall of the rectangular cube
was adjusted to be perpendicular to the micropipette. Another 3-DOF position-
ing stage was used to move the micropipette. A micro-force sensor was con-
nected to the micropipette to measure the indentation force, as shown in Figure
3.8 (a). In the experiment conducted in [58], the force required to penetrate a
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zebrafish embryo was found to be in the order of hundreds of micro-Newtons
(see Figure 3.1). To measure such a small force, a commercialised piezoresis-
tive micro-force sensor (SensorOne, model AE801) was used. When the tip
of the micropipette and the embryo appeared together in the local view of the
microscope, their image were captured by a digital camera positioned directly
above the cuboid, as shown in Figure 3.8 (b). The horizontal axis of the CMOS
sensor in the camera was set perpendicularly to the micropipette. This allowed
the camera to capture a full view of the deformed membrane when a high mag-
nification lens was used.
The 3-DOF high precision stage has a travel range of 4 mm in each of the X, Y,
and Z axes and a step resolution of 25 nm. The imaging unit included one 7.2X
combined micro-lens with a digital camera (1280(H)×1024(V)). The force sig-
nal was measured by a bridge-based strain meter (National Instrument, model
NI-9327). The sensitivity of the sensor was estimated to be 128em N (see Equa-
tion 4.10 in Chapter 4), where em is the measured strain. For this sensor, the
resolution of em could reach 10−8. The software for force measurement was
implemented in LabVIEW and fully integrated with all instruments for data
communication.
In the experiment, the tip of the micropipette was first moved to touch slightly
the membrane of the zebrafish chorion. From this moment, the micro-force
sensor started to measure the contact force at the tip of the micropipette. The
micromanipulator was then driven to produce a single indention step of 300µm
with a speed of 1mm/s. The displacement of 300µm was chosen in such a
way that it was not too large to penetrate the chorion, since a typical zebrafish
chorion would be penetrated at around 400µm (see Figure 3.1). Moreover, the
trial experiments to determine viscoelasticity of the zebrafish embryo using the
53








Figure 3.8: (a) Close-up view of the contact between the micropipette and the
embryo. (b) Indentation of the zebrafish embryo membrane by a micropipette.
indentation method showed little difference in the viscoelasticity between em-
bryos with loading displacement of 180µm and 300µm (see Figure 3.9). The
micropipette maintained its position after the indentation. The contact force was
measured until its value remained constant. The sampling rate of the strain me-
ter was set to 1k. For every 0.1 second, 100 force readings were averaged into a
single value and this single value was recorded.
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Figure 3.9: Viscoelasticity of zebrafish embryo with indentation displacement
of (a) 180µm and (b) 300µm.
3.3.2 Results
A typical force trajectory (with respect to time) of the indentation of a zebrafish
chorion is shown in Figure 3.10. The chart recorder (implemented by Lab-
view) recorded the time variation of the interaction forces. As shown in the
figure, when time was 0 second, the tip of the micropipette slightly contacted
the chorion and the force reading was around 0 micro-Newton. After 0 second,
the zebrafish chorion membrane was subjected to a step constant indentation
with displacement of 300µm. The micropipette indented the membrane with a
speed of 1mm/s. When time was 0.3 second, the contact force reached a peak
value of 289.53µN and then started to drop gradually. After 75 seconds, the
contact force reading became stable at a steady state, where the force reading
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was around 159µN.
Figure 3.10: Force trajectory of the indentation of the zebrafish embryo.
Force response curves similar to the one shown in Figure 3.10 were obtained for
four additional zebrafish chorion, as shown in Figure 3.11. The graphs in Figure
3.11 indicate that a very rapid relaxation is observed after the deformation of the
zebrafish chorion membrane becomes constant, which reflects the viscoelastic
properties of the zebrafish chorion. This phenomenon is referred to as the stress
relaxation which is related to the viscoelastic properties of the zebrafish chorion
membrane.
3.3.3 Discussion
Zebrafish chorion displays viscoelastic properties when indented by an external
force [58]. When the micropipette maintains its position after a single inden-
tation step, the magnitude of the contact force will reach peak value and then
decrease gradually. This phenomenon is known as stress relaxation in viscoelas-
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Figure 3.11: Experimental force relaxation and curves fitting results for four
zebrafish embryos(Blue-solid line - experimental results, Red-dash line - fitting
curves).
tic materials. The viscoelastic behaviour of zebrafish chorion is analysed with
the Maxwell-Weichert model (generalised Maxwell model) shown in Figure
3.6, which is formed with a spring connected parallel to two Maxwell models.
The dynamics of the model posses two distinct relaxation curves. The shorter
one corresponds to the elastic phase and the longer one corresponds to the vis-
cous phase. The transient elastic phase is described by Equation 3.14. The
equilibrium state, which is determined by its viscosity, is described by Equa-
tion 3.15. The measured relaxation curves obtained in Figure 3.11 are fitted
with the constitutive equation 3.15. In total, four zebrafish embryos of various
sizes were tested. A representative fit is shown in Figure 3.12. It was found
that, when k1 = 0.53N/m, k2 = 0.22N/m, k3 = 0.22N/m, b2 = 0.22Ns/m,
b3 = 4.4Ns/m and x = 300µm, the model approximately fitted the measured
force curve. Figure 3.12 shows the curve fitting result. The blue-solid lines
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are the force trajectories of the indentation of zebrafish embryos, while the red-
dashed lines are the fitting curves. The average R-Square value is around 0.99.
This value of goodness-of-fit indicates a high confidence level in the accuracy
of this Maxwell-Weichert model. Results for the model parameters of four ad-
ditional zebrafish embryos are summarised in Table 3.1. Based on the experi-
mental data of four zebrafish embryos in this study, the average values of the
parameters, i.e. k1, k2, k3, b2 and b3, were estimated as 0.49N/m, 0.22N/m,
0.23N/m, 0.24Ns/m, and 5.15Ns/m respectively.
Figure 3.12: Curve fitting of force trajectory of the indentation of the zebrafish
embryo.
Table 3.1: Viscoelastic parameters of different embryos.
k1 (N/m) k2 (N/m) k3 (N/m) b2 (Ns/m) b3 (Ns/m)
Embryo 1 0.42 0.25 0.26 0.25 5.20
Embryo 2 0.43 0.22 0.21 0.22 5.20
Embryo 3 0.56 0.20 0.21 0.40 5.80
Embryo 4 0.53 0.22 0.22 0.22 4.40




The objective of the investigation reported in this chapter is to develop a de-
formation viscoelastic constitutive model of zebrafish chorion. Quantification
of the viscoelasticity of zebrafish chorion is also important for understanding
the dynamics of morphogenetic processes and the biomechanics of zebrafish
chorion. In the present study, the viscoelastic model of the zebrafish chorion
membrane to an indentation force has been developed, and its response has been
analysed with a linear viscoelastic model. Since the zebrafish chorion is con-
siderably complex, the objective is to use a simplest model that may adequately
account for the experimental findings. From the analysis, the model, derived
from the Maxwell-Weichert viscoelastic model and consisting of two Maxwell
elements in parallel with a spring (as shown in Figure 3.6), was found to ade-
quately represent the response of zebrafish chorion to an indentation force.
To quantify the global viscoelastic properties of zebrafish chorion under an in-
dentation, its viscoelastic properties were examined by performing dynamic ex-
periments using a recently developed loading device described in Section 3.3.1.
The force versus axial strain curves obtained by the dynamic experiments were
fitted with the Maxwell-Weichert viscoelastic model using a least-squares algo-
rithm.
This study found that the Maxwell-Weichert viscoelastic model leads to a rather
accurate description of the viscoelasticity of zebrafish chorion. However, it is
important to note that even if the linear analysis for the applied forces correctly
reflects the response of the zebrafish chorion, the relationship would break down








A cellular organism normally exhibits a certain mechanical stiffness. Indenta-
tion forces below a certain magnitude may not deform the organism sufficiently
to induce a significant physiological change in the organism. Moreover, two
samples of the same type of organism at different developmental stages may
exhibit different levels of stiffness, as in the case of zebrafish embryos [33],
for example. On the other hand, too large a force may result in the membrane
of the organism being pierced and/or the integrity of the organism damaged.
In addition, the magnitudes of forces involved are usually very small, ranging
from micro-Newtons down to nano-Newtons. Therefore, to study how an exter-
nally applied force induces variation in the physiological properties of a cellular
organism requires proper sensing and control of the applied force.
This chapter explores the development of an explicit force-feedback control sys-
tem for exerting a prescribed indentation force on a cellular organism (i.e., ze-
brafish embryo) to observe the resulting force-induced behaviour. The main
hardware components, including the actuator, the force transmission stage, and
the micro-force sensor, are presented first. This is followed by discussion of the
design of explicit force-feedback controller for controlling the indentation force
precisely.
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4.2 Explicit Force-Controlled System for Mechan-
otransduction
The experiment reported in [58] has shown that piercing the chorion of a ze-
brafish embryo with a micro-indenter typically requires a force in the order of
1 mN (see Figure 3.1). This, however, is not a universal threshold since differ-
ent zebrafish chorions have different mechanical properties. Even for the same
embryo, the thickness of the chorion will change as the embryo evolves from
one developmental stage to the next. The change is due to proteolytic activi-
ties that modify the chorion structure [33]. To study how an externally applied
force may induce variation in physical properties of a zebrafish chorion, the in-
dentation force must be sufficiently large to induce an observable response, yet
not excessive so as to reduce the risk of piercing the chorion. To achieve this,
proper sensing and control of the applied force is required, as in many areas of
micromanipulation [116].
Figure 4.1 illustrates the overall system. The system consists of a voice-coil ac-
tuator for force generation, a compound flexure stage for force transmission, and
a microindenter equipped with a piezoresistive micro-force sensor for applying
a prescribed force on the chorion. The interaction force between the micro-
indenter and the zebrafish chorion is measured and feedback to the controller by
the micro-force sensor.
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(a)
(b)
Figure 4.1: Explicit force-feedback control system for exerting an indentation
force on an embryo. (a) Overall view. (b) Isometrics view.
4.2.1 Force Generation
Originally used in radio speakers, the voice coil actuator is a direct drive device
that utilises a permanent magnet field to produce a force that is proportional
to the current applied to the coil [130]. A typical commercialised voice coil
actuator is shown in Figure 4.2 (a). Voice coil actuators offer excellent control
characteristics where linear actuation is required over a short distance. They
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have been widely used in applications requiring precise control of force.
In the explicit force-controlled system developed in this thesis, a linear voice
coil actuator (Model LA-05-000A, BEI) is used to drive the movable platform
of the force transmission flexure stage directly (as illustrated in Figure 4.1 (b)).
The actuator consists of a magnetic coil secured to the base and a movable core
fixed to the moving platform of the flexure stage. A precision DC current source
(Model 6220, Keithley Instrument) is used to supply current to the actuator. Cur-
rent flowing through the coil produces a magnetic field, which in turn produces
an electromagnetic force causing the core and movable platform to move for-
ward or backward (as shown in Figure 4.2 (b)). The magnitude of the force is
determined by the magnetic flux destiny, the supplied current, and the number of
coils. For the voice coil actuator used in this system (i.e., Model LA-05-000A,
BEI), its force sensitivity is 0.575 N/A.
(a) (b)
Figure 4.2: (a) A typical voice coil actuator from Servo Magnetics Inc. (b) A
current supply to magnetic coil causing movable core move axially.
4.2.2 Force Transmission
The voice coil actuator cannot be coupled to the end-effector (e.g., the micro-
indenter) directly. As mentioned before, the voice coil actuator consists of a
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movable core, which needs to be suspended by a resilient mechanism to allow
the core to move axially. In addition, due to the high sensitivity of the voice coil
actuator used in this thesis (i.e., 0.575N/A), the force generated by the actuator
is considerably large for the experiments conducted. Therefore, to reduce the
force generated by the actuator (thus permitting the use of the actuator) and at
the same time suspend the movable core, a flexure-based stage with high axial
compliant and high radial stiffness was designed.
To transmit force in ultra-precise motion, an effective way is to apply force to an
elastic mechanism of known stiffness [18], such as a flexure stage. The flexure
stage is a linear elastic device, which can serve as a means of providing precise
force in short-range motion. Stages that employ flexure mechanism have low
frictional effect, negligible mechanical backlash, continuous displacement, and
no need for lubrication. For purpose of discussion and consideration, a ball
bearing and a flexure leaf spring are illustrated in Figure 4.3. Although the ball
bearing provides low resistance motion in x-direction, the motion is associated
with undesirable effects, such as friction, stiction and backlash, which arise at
the interface of two surfaces [16]. The non-deterministic effects limit the motion
quality. In contrast, the leaf spring allows clean (lubricant-free) and precise
motion. The effects of friction, stiction and backlash are eliminated. Other
advantages of flexure stages include [18]:
1. Wear free, provided they are not distorted excessively.
2. Displacement is smooth and continuous.
3. Flexure can be fabricated to form a monolithic mechanism, which in turn
reduces the error caused by the compliance of fasteners.
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4. Displacement can be accurately achieved by applying a known force to the
flexure.
However, the flexure is also associated with some limitations, such as:
1. Hysteresis.
2. Restricted to small displacement.
3. Overload can lead to fatigue and work hardening.
Figure 4.3: Examples of compliant mechanism (redrawn and adapted from
[16]).
Simple Beam Flexure
Figure 4.4 shows a simple cantilever beam, which is a common single degree-
of-freedom (DOF) flexure mechanism. The stiffness of the beam is governed
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where E, I and L is the Young’s modulus, second moment of area and length of
the beam, respectively. When the beam experiences transverse force F , the free
end of the beam translates at a distance of δ , and rotates at an angle of θ , as
illustrated in Figure 4.4. The beam also exhibits parasitic error motion (ε) in x-
direction [16]. The undesirable motions (i.e., the ε and θ ) makes the cantilever
rarely usable because the beam is susceptible to buckling and twisting.
Figure 4.4: Simple cantilever beam.
Parallelogram Flexure Mechanism
The undesired torsion can be reduced by attaching two cantilevers to form a
parallelogram flexure mechanism as shown in Figure 4.5. This type of flexure
has been employed in many precision instrument designs such as the guiding
device illustrated in Figure 4.6. The stiffness of parallelogram flexure, in y-
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where E, I and L is the Young’s modulus, second moment of area and length of
parallelogram flexure, respectively. Parallelogram flexure offers low resistance
in y-direction but is stiff in other directions. However, the parallelogram flexure
also suffers from parasitic errors as shown in Figure 4.5. The force F applied
in y-direction results in the desired y-direction motion of δ , but it also results in
undesired x-direction motion of ε and rotational twist angle of θ .
Figure 4.5: Parallelogram flexure.
Compound Flexure Stage
The curvilinear motion of the parallelogram flexure mechanism can be improved
by using a compound flexure stage, as shown in Figure 4.7. The compound
flexure stage can be constructed by combining two parallelogram flexure mech-
anisms in series. It transmits forces in rectilinear motion. Over a very short
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Figure 4.6: Lens guiding mechanism (Adapted from [17]).
distance, it is possible to achieve very precise translations. This type of stage
provides frictionless translation with low stiffness motion along the travel di-
rection while exhibiting high stiffness in other directions, and remaining highly
resistant to shocks and vibrations.
Figure 4.8 (a) illustrates the structure of the stage developed in this thesis to
transmit force from the voice coil actuator to the micro-indenter, while at the
same time to suspend the movable core of the voice coil actuator. Secured to
the base by four M3 screws, the stage consists of a movable platform supported
by four leaf springs in a configuration whereby two pairs of the springs are
connected in series by a connecting platform. The movable platform move in
x-direction as shown in Figure 4.9. Any change in the relative displacement
between the movable platform and the connecting platform will be compen-
sated by an equal and opposite change in the relative displacement between the
connecting platform and the base. This produces a relative rectilinear motion
between the movable platform and the base, as shown in Figure 4.9.
Mobility For leaf spring type of flexure, each leaf spring is considered as a
link connected by a pin joint. Hence, for the compound flexure stage, its mobil-
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Figure 4.7: A compound leaf spring mechanism. (Adapted from [18])
ity can be calculated as [18]




where n and f1 are the number of links and number of joints, respectively. Even
though the compound flexure stage exhibits two degree-of-freedom (DOF), it
operates as a single linear drive because the leaf springs share the same load and
then couple the two DOF together [18].
Stiffness Compound flexure stages rely on deflections of leaf springs. Energy
is stored in the form of strain energy in the leaf spring. When forces are applied
to a flexure stage, not all the forces are transferred from the input to the output,
since some of the forces have been stored in the leaf springs as strain energy
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(a)
(b)
Figure 4.8: The force transmission flexure stage. (a) Structure. (b) Dimension.
[17]. The energy stored is related to the stiffness of the leaf spring.
Figure 4.8 (b) shows the designed dimension of the flexure stage. Since the
springs have the same geometry and are made of the same material, the four
leaf springs can be collectively modelled as a single spring with an effective
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Figure 4.9: Mode of operation of the compound leaf spring mechanism: recti-
linear motion is produced by the cancellation between the parasitic error of both
platforms.
stiffness [18]:






where k f is the effective stiffness of the four leaf springs; b, d and L are the
width, thickness and length of the leaf spring, respectively. Thus, the resulting
effective stiffness can be determined through the choice of b, d and L.
Figure 4.10 illustrates the working principle of this stage. The four leaf springs
have been modelled as one compound spring with stiffness of k f . A force f
exerted on the movable platform will cause the movable platform to move by a
distance of x in x-direction.
The stage was made from 6160 aluminium with Young’s modulus and yield
strength of 69 GPa and 0.0552 GPa, respectively. The stage was designed to
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have a stiffness (k f ) of 690 N/m2. However, in consistency in the fabrication
of the leaf springs may result in a discrepancy of 30% or more between the es-
timated and actual stiffness [18]. A calibration process therefore has be carried
out to determine the stiffness of the compound springs. In the calibration pro-
cess, forces (incremented with a step of 57.5 µN) were applied to the movable
platform through the voice-coil actuator, and the corresponding deflections x of
the movable platform were measured using a position encoder (Model M2000,
MicroE System), with a resolution of 0.5 µm, attached to the moving platform.
The displacement signals were collected by connecting the encoder to a digi-
tal I/O transducer (Model NI9401, National Instrument). LabVIEW was used
to implement the DAQ operation. Five results of the calibration, as shown in
Figure 4.11, indicate a linear relationship between the applied force and the dis-
placement. From these results, the stiffness k f of the compound springs was
estimated to be 380 N/m.
Figure 4.10: Schematic block diagram of the flexure stage.
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Figure 4.11: Results of calibration for force transmission stage
Resolution As mentioned previously, a linear voice coil actuator is used to
drive the movable platform directly. The force generated by the voice coil actu-
ator is related to the current supplied by the programmable precision DC current
source (Model 6220, Keithley Instrument). The force sensitivity of the voice
coil actuator is 0.575N/A. The resolution of the DC current source is 1µA,
which is equivalent to a force of 0.575µN. Thus, the force resolution of the
force transmission stage is 0.575 µN.
Maximum Displacement When a force is applied to the stage, each leaf
spring experiences a deflection, resulting in a displacement of the movable plat-
form. The maximum displacement of the leaf springs is governed either by its
stiffness or elastic properties, i.e., the tensile yield strength and Young’s modu-
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where E is the Young’s modulus, and σm is tensile yield strength. The stage was
designed to have a maximum movement of 1.1 mm. Due to the limited output
(at 104 mA) of the DC current source used to drive the voice coil actuator, the
maximum displacement of the moving platform is 170 µm.
Hysteresis Hysteresis is a nonlinear retardation phenomenon, which is exhib-
ited in many systems. Hysteresis of a physical system not only depends on its
current state but also on its past state (history dependence) [131]. If an input
given to a hysteresis system is changed alternatively (e.g., from loading to un-
loading), the output tends to form a hysteresis loop, where the output trajectory
of the forward and return path are not the same. The loop occurs because of the
lack of retraceability of the system. Normally, the hysteresis can be eliminated
by implementing a closed-loop control scheme in the system.
The flexure stage shown in Figure 4.8 was tested for four cycles of actuation to
determine its hysteresis characteristic. The experimental investigation is carried
out by applying an actuating force (from voice coil actuator) to move the stage
forward and backward, while the hysteresis loop is generated by measuring the
displacement of the system using a position encoder (Model M2000, MicroE
System), with a resolution of 0.5 µm. The four displacement paths with refer-
ence to the actuating force are shown in Figure 4.12. The experimental results
show a large consistent and narrow hysteresis loop between the forward and
return motion of the stage. The hysteresis of the whole system involves both ac-
tuator hysteresis introduced by the voice-coil and elastic hysteresis inherent in
the flexure mechanism. Nevertheless, the narrow hysteresis loop implies that the
system exhibits a near-linear response. It does not suffer from serious hysteresis
problems as exhibited in conventional ball bearing system.
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(a) (b)
(c) (d)
Figure 4.12: Hysteresis curve of the force transmission flexure stage.
Thermal Effect If the compound flexure stage undergoes a uniform tempera-
ture change, the thermal expansion of two outer leaf springs (which results in the
movable platform to be raised) will be compensated by the thermal expansion
of two inner springs, if all leaf springs are constructed in identical dimension
and material. The two inner springs move with an equal amount in opposite
direction, resulting in a zero net change. Hence, the rectilinearity is preserved.
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4.2.3 Force Sensing
The force to be exerted on the zebrafish chorion is in the order of hundreds of
micro-Newtons. Measurement of such forces requires a sensor with a resolution
in the order of micro-Newtons. Compared to piezoelectric and capacitive micro-
force sensors, piezoresistive force sensors have the advantage of providing accu-
rate and stable force signals in a large measurement range [116]. Piezoresistive
sensors operate by changing their resistance when under external loading [132].
When a piezoresistive force sensor is strained or deflected, its internal resistance
will change (and remain changed) until its original shape is restored.
The piezoresistive sensor is a half-bridge sensor element. The change in its
resistance can be measured by a Wheatstone bridge. However, its accuracy
can be affected by the noise level of the amplifier or the bridge configuration
circuit. In this experiment, such change in resistance is measured, at a sampling
frequency of 10kHz, by a 24-bit simultaneous bridge module (Model NI9237,
National Instrument). Due to the extremely noisy nature of force signals, the
measured forces were lowpass filtered with a digital lowpass filter (implemented
by Labview) with a cut-off frequency of 100Hz.
A typical piezoresistor is fabricated by doping donor atoms or acceptor atoms
into a semiconductor material. As shown in Figure 4.13, a piezoresistive micro-
force sensor normally consists of a cantilever beam, two piezoresistors located
at both sides of the sensor beam, a free end for the attachment of a micro-
indenter and four metal contact pads. The sensor beam is usually made of a
single crystal P-type silicon. Two piezoresistors can be made by diffusing the
boron (N-type silicon) onto the sensor beam. The surface of the sensor beam
normally passivated with thermally grown silicon dioxide. Gold usually used
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and deposited into the sensor to form the four contact pads for electrical circuit
connections. The two high gage factor piezoresistors usually designed to be
located at the highest stress areas in order to detect the changes in the force.
A force applied on the free end will deflect the sensor beam. For a small change
in the deflection, due to the piezoresistive effect, there will be a large change
in the resistance of piezoresistors. The resistance on the compressed side will
decrease while the resistance on the tension side will increase. The change of
the resistance is proportional to the force applied. However, due to the variation
in the boron intensities caused by boron diffusion process, the resistance on both
sides of a sensor may not be identical and the difference could be as high as 20%
or more.
Figure 4.13: A typical piezoresistive force sensor.
Force determination
For the piezoresistive force sensor shown in Figure 4.14, the maximum strain of
the cantilever beam εmax, with a mechanical load fs as shown in Figure 4.15, is
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where E is the modulus of elasticity, fs is the force applied on the free end of
the sensor beam, L, w, and h are the length, width, and thickness of the sensor












where Mp = fs (L− p) is the moment at point p and I = wh312 is the second mo-
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Figure 4.14: A typical commercial piezoresistive micro-force sensor. (Adapted
from [19])
Figure 4.15: Schematic depicts the deflection of a piezoresistive force sensor to
a load fs (Adapted from [19])
In the experiments described in the subsequent chapters, a commercial one-
axis piezoresistive micro-force sensor (Model AE801, SensorOne Technologies
Corporation) was used to sense the exerted force (i.e., the fs). The sensor beam
has the dimensions of 5mm (L) x 0.95mm (w) x 0.15mm (h). Its module of
elasticity (E) is 1.6 x 105 N/mm2. The diffused area of its piezoresistors (i.e.,
the dimension p) is 1.1mm. Substituting these values into Equation 4.9 yields,
fs = 128εsN (4.10)
80
4.2 Explicit Force-Controlled System for Mechanotransduction
Micro-indenter
For the explicit force-controlled system, a micro-indenter was used to exert a
localised force on the zebrafish chorion, as depicted in Figure 4.16. Currently,
there is no ready-made piezoresistive micro-force sensor with a built-in micro-
indenter. Therefore, the AE801 micro-force sensor was modified for this pur-
pose. The modification of the sensor involved bonding a micro-indenter, which
was cut from a micropipette, to the free end of the sensor beam along its cen-
treline. Figure 4.17 shows a photo of the modified piezoresistive force sensor
with the micro-indenter. The micro-indenter and the force sensor were fixed to
the force transmission stage with a customised sensor holder as shown in Figure
4.1(b).
Figure 4.16: Schematic showing zebrafish chorion indented by a micro-indenter.




4.3.1 Dynamic Model of Force Transmission stage
The dynamical behaviour of the force transmission stage equipped with a force
sensor can be modelled as a simple mass-spring-damper system, as illustrated
in Figure 4.18, where I is the input current to the voice-coil actuator and f is the
output force from the voice-coil actuator directly driving the movable platform
of the flexure stage. The mass m f is the summation of the masses of the movable
platform, the micro-indenter holder, and the voice-coil actuator core. The mass
of the micro-indenter and micro-force sensor are negligible compared to the
aforementioned masses. The values for the parameters in the model are listed
in Table 4.1. The dynamical behaviour of the force transmission flexure stage
(refer to Figure 4.18) can be governed by the following equation:
f = m f x¨+b f x˙+ k f x+ fs (4.11)
where m f is the mass of movable platform (including micro-indenter holder and
the voice-coil movable core), k f is the stiffness of compound leaf spring, b f is
the damping coefficient of flexure stage, fs is the contact force, and f is the
applied force.
4.3.2 PID Explicit Force Control
To achieve a stable interaction force that tracks closely a desired force trajec-
tory, an explicit force controller was designed based on a mass-spring-damper
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Figure 4.18: Dynamics model of the flexure stage.
Table 4.1: Values of system parameters.
Parameter Meaning Value
m f Estimated mass of movable platform, including micro- 0.08kg
indenter holder and voice-coil movable core
kc Force sensitivity of voice-coil actuator 0.575N/A
k f Estimated stiffness of compound spring 380N/m
b f Estimated damping coefficient of flexure stage 0.1Ns/m
k1 Average stiffness of zebrafish chorion 0.49 N/m
k2 Average stiffness of zebrafish chorion 0.22 N/m
k3 Average stiffness of zebrafish chorion 0.23 N/m
b2 Average damping coefficient of zebrafish chorion 0.24 Ns/m
b3 Average damping coefficient of zebrafish chorion 5.15 Ns/m
dynamics model as shown in Figure 4.18. This controller is designed initially
for the purpose of studying the force-induced variation in the impedance of a
Zebrafish embryo, as described in Chapter 5. The force controller was synthe-
sised using the method of control-law partitioning [134]. Using this method,
the controller was decomposed into a model-based portion and a servo portion,
with the former making use of the dynamics model shown in Figure 4.18, and
the latter having a proportional-derivative-integral (PID) control structure. The
model-based portion of the control law reduces the system to a unit mass. The
servo portion of the control law makes use of the feedback force (i.e., the force
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sensed by the force sensor, fs) to modify the behaviour of the system. As a
result, the system’s parameters (i.e., m f , b f , and k f ) appear only in the model-
based portion while the servo portion is independent of these parameters.
Considering the Equation 4.11, the variable to be controlled is the interaction
force between the micro-indenter and the environment fs (i.e., force sensed by
the micro-force sensor), as expressed by Equation 4.10.
By using the control law partitioning method, Equation 4.11 can be expressed
in the form of
f = m f x¨+b f x˙+ k f x+ fs
= α f ′ +β
(4.12)
where α and β are the parameters, which can be chosen to reduce the dynamics
of the system such that it appears as a unit mass system. Clearly, for the system
shown in Figure 4.18, α , β and f ′ can be selected as
α = 1
β = m f x¨+b f x˙+ k f x
f ′ = fs
such that the f ′ (or the feedback force fs) becomes the only one open-loop
dynamic of the system that needs to be controlled. x is the displacement of the
force transmission stage measured by the position encoder. Equation β is the
84
4.3 Force Control
dynamic equation of the force transmission stage, which can be computed with
the measured displacement (x). Using the PID control structure, the controller
can be designed as
u = fd +Kpe+Kd e˙+Ki
∫
edt +(m f x¨+b f x˙+ k f x) (4.13)
where e = fd − fs is the error between the desired force fd and the feedback
force fs, and x is the displacement. Substituting into Equation 4.12, yield,
fs = fd +Kpe+Kd e˙+Ki
∫
edt (4.14)
With this methodology, the choice of the control gains becomes independent of
the system parameters. To achieve a critical damped system, the velocity gain




The closed-loop control system is shown in Figure 4.19. The PID gains of
Kp=200, Kd=28 and Ki=12 are chosen to achieve good tracking performance of
the closed-loop system with respect to step signals that characterise the desired
force trajectories. Figure 4.20 and 4.21 show the response of the system with re-
spect to a typical desired step force and sinusoidal force trajectory, respectively.
The initial negative force measurement shown in Figure 4.20 may be due to the
inherent noise of the measuring devices (such as the NI9237 24-bit simultaneous
bridge module, the vibration of the cantilever of force sensor, etc.). In Figure
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4.20, it can be seen that the force controller produces satisfactory force-tracking
performance to a step force trajectory. However, the controller is incapable of
following a desired periodic force trajectory, as shown in Figure 4.21.
Figure 4.19: Closed-loop force control system
Figure 4.20: Step response of the PID controlled system
4.3.3 Robust Explicit Force Control
Force controllers for industrial robots are usually designed based on the ex-
act mathematical model of the environment system [135–137], such as the PID
controller described in Section 4.3.2. In applying those techniques developed,
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Figure 4.21: Response of the PID controlled system to a sinusoidal force trajec-
tory
accurate force control can be achieved only when the exact mathematical mod-
els of the micromanipulation system and the environment are known. However,
when dealing with biological systems, which exhibit a high degree of uncer-
tainty in their mechanical properties (e.g., the disparity between the stiffness of
two chorion), it is unrealistic to expect such exact models to be readily con-
structed. Moreover, the uncertainties may be due to the joint friction of the flex-
ure stage, disturbances, temperature difference and other factors. If the model is
not precisely determined, the control strategies based on the assumption of exact
model-matching will be inadequate to track the desired trajectory and may result
in an unstable system. This assumption can be circumvented by constructing a
force controller capable of interacting with an uncertain environment. One of
such controllers is the robust controller.
Conceptually a robust control system is able to follow the desired trajectory for
any uncertainty within an acceptable range. To enable accurate application of
an external force on an environment with uncertainties in its dynamics, a robust
explicit force control scheme based on Lyapunov’s second method [138, 139]
has been designed to compensate the uncertainties associated in the dynamics
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model of the zebrafish chorion (as shown in Figure 3.6), as well as in the dynam-
ics model of the flexure force transmission stage (as shown in Figure 4.18). The
controller consists of an inner loop based on the nominal system and a robust
outer loop based on the uncertainty bounds. The outer loop can be set such that
the system follows the desired trajectory closely to achieve an acceptable per-
formance while maintaining closed-loop stability. To demonstrate the efficiency
of this controller, it has been used in the experiment to study the force-induced
variation in stiffness o a Zebrafish chorion, as described in Chapter 6.
Error Dynamics
Chapter 3 has demonstrated that the zebrafish chorion exhibits viscoelastic be-
haviour and its viscoelastic model has been established as shown in Figure
3.6. The model is derived from a generalised Maxwell model (also known as
Maxwell-Wiechert Model) [77], which consists of three parallel elements. One
of them is an elastic spring characterised by a spring constant k1. The other two
are formed by two Maxwell models, each containing a spring and a damper.
The spring constant and the damping coefficient for each Maxwell arm are k2













where x(t) is the deformation at time t, while k1, k2, k3, b2, and b3 are the vis-
coelatic parameters shown in Figure 3.6, and fs(t) is the contact force between
the micro-indenter and the chorion at time t.
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The dynamical behaviour of the biomanipulating system can be affected by the
biological dynamics of zebrafish chorion and the mechanical dynamics of the
flexure force transmission stage. Zebrafish chorion normally exhibits a nonlin-
ear and time-varying behaviour. Its dynamics equation under an indentation (as
governed by Equation 4.15) can be rewritten as
fs(t) = Be(t)x˙(t)+Ke(t)x(t) (4.16)
with








where x(t) is the displacement at time t, while k1, k2, k3, b2, and b3 are the vis-
coelatic parameters shown in Figure 3.6, and fs(t) is the contact force between
the micro-indenter and the chorion at time t. The explicit force-controlled sys-
tem shown in Figure 4.10 is used to indent a zebrafish chorion, thereby pro-
ducing a deformation x on the chorion. Its dynamics equation can be described
by
f (t) = m f x¨(t)+b f x˙(t)+ k f x(t) (4.17)
where m f is the mass of movable platform including micro-indenter holder and
the voice-coil movable core, k f is the stiffness of compound leaf spring, b f is the
damping coefficient of flexure stage, and f (t) is the force required to drive the
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flexure stage at time t. For a rigid micro-manipulator (relative to the embryo),
Equation 4.16 can be expressed as
x(t) = e−
Ke
Be t fs(t) (4.18)
which, when substituted into Equation 4.17, yields the second-order dynamics
equation
u(t) = M(t) ¨fs(t)+B(t) ˙fs(t)+K(t) fs(t) (4.19)
where M(t) = m f e−
Ke
Be t , B(t) = b f e−
Ke
Be t , K(t) = k f e−
Ke
Be t , fs(t) is the contact
force between micro-indenter and chorion at time t, and u(t) is the control sig-
nal. Using an inner loop control law
u = ˆMv+ ˆB ˙fs + ˆK fs (4.20)
where ˆM, ˆB and ˆK are the nominal (estimated) values for M, B, and K respec-
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tively, Equation 4.19 can be written as
M ¨fs +B ˙fs +K fs = ˆMv+ ˆB ˙fs + ˆK fs
M ¨fs = ˆMv+( ˆB−B) ˙fs +( ˆK−K) fs
= ˆMv+ ˜B ˙fs + ˜K fs
¨fs =












˜B ˙fs + ˜K fs
)
(4.21)






η = Ev+ 1
M
( ˜B ˙fe + ˜K fe)
then ¨fs can be expressed as
¨fs = v+η (4.22)
The term η is referred to as the uncertainty.
Defining the tracking errors as
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e = fs− fd
so that
e˙ = ˙fs− ˙fd
By choosing
v = ¨fd −Kd e˙−Kpe+∆v (4.23)
and substituting into Equation 4.22, the closed-loop tracking error equation is
obtained as


































where ∆v is the outer-loop control, fd is the desired force trajectory, and Kd and
Kp are the proportional and velocity gain, respectively.
Robust Outer-loop Controller
The objective of this study is to design an outer-loop robust control ∆v that will
ensure that the closed-loop system is stable. An assumption is that M, B and K
are bounded functions of time if the system parameters (i.e. m f , b f , k f , k1, k2,
k3, b2 and b3) are bounded. Even if the bounded uncertainties are not exactly
known, the outer-loop control still can be designed based on Lyapunov’s second
method [138], if the worst case bounds can be estimated. This method is used
to design the outer-loop control signal ∆v in Equation 4.24. By choosing the
Lyapunov function as V = eT Pe, with A satisfying the Lyapunov equation of
AT P+PA =−Q, where Q are positive definite, the outer-loop control ∆v can be
designed as follows.
Differentiation of the Lyapunov function along the trajectory yields the equation
˙V = e˙T Pe+ eT Pe˙
= 2eT P(Ae+b(η +∆v))
= 2eT PAe+2eT Pb(η +∆v)
=−eT Qe+2eT Pb(η +∆v)
(4.25)
In order to estimate the worst case bounds in the uncertainty η , assume ¨fd , ∆v,
M, B, and K are finite bounded, such that
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‖ ¨fd‖< Q1 < ∞
‖∆v‖ ≤ ρ∥∥∥∥ ˆMM −1
∥∥∥∥≤ α∥∥∥∥ 1M ( ˜B ˙fe + ˜K fs)
∥∥∥∥≤ φ
Thus, the uncertainty can be estimated as
‖η‖ ≤ α(‖ ¨fd‖+‖Kd‖‖e˙‖+‖Kp‖‖e‖+ρ)+φ := ρ (4.26)
Rewrite Equation 4.26 yields
ρ = α
1−α (‖
¨fd‖+‖Kd‖‖e˙‖+‖Kp‖‖e‖+ρ)+ 11−α φ (4.27)
Define
w = bT Pe
Then, if w = 0, Equation 4.25 will become
˙V =−eT Qe
which is negative definite. In contrast, if w 6= 0, the outer-loop control signal ∆v
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can be designed as
∆v =−ρ w‖ w ‖
thereby ensuring that Equation 4.25 is negative definite, i.e., the system is asymp-
totically stable.












With others system parameters stated in Table 4.2, the response of the system to
a step and sinusoidal force trajectory are shown in Figure 4.23 and Figure 4.24
respectively.
4.4 Concluding Remarks
The objective of this chapter is to design and develop an explicit force-feedback
system that is capable of controlling the dynamic interaction force between a
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Figure 4.22: Block diagram for robust explicit force control
Table 4.2: Parameter values for robust explicit force-controlled system.
Parameter Description Value
ˆM Estimated value for M 0.068 kg
ˆB Estimated value for B 0.085 Ns/m
ˆK Estimated value for K 323 N/m
α Uncertainty bound coefficient 0.2























Figure 4.23: Step-response of the robust explicit force control system
micro-indenter and a cellular organism (e.g., a zebrafish chorion). For this pur-
pose, a prototype consists of a voice-coil actuator, a force transmission flexure
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Figure 4.24: The force response of the robust explicit force control system to a
sinusoidal force trajectory.
stage, and a micro-indenter equipped with a micro-force sensor has been built.
The function of the force transmission flexure stage is to reduce the force gener-
ated by the voice coil actuator (due to its high force sensitivity) and at the same
time suspend the movable core of the actuator. The flexure stage provides a rec-
tilinear and high compliant motion along the travel direction, while exhibiting
high stiffness on other directions.
For the purpose of controlling an indentation force in the experiment described
in Chapter 5, a PID-based explicit force controller has been designed and im-
plemented for the explicit force-controlled system. The experimental results
demonstrate that this controller produces a satisfactory force-tracking perfor-
mance to induce a variation in the impedance of Zebrafish chorion. The steady-
state force error for this controller is around ±5µN and the time taken for the
controller to achieve the desired force is around 5 to 10 seconds. However, when
dealing with biological systems, which exhibit a high degree of uncertainty in
their behaviour, the PID controller may be inadequate for tracking the desired
force trajectory and may result in an unstable system. To achieve an interac-
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tion force that tracks closely a desired force trajectory, another control scheme
based on a robust controller structure was designed. With the outer-loop control
designed based on Lyapunov’s second method, the Lyapunov stability criterion
ensures that the system will always be stable, thereby achieving a good tracking
performance. The settling time for the controller to a step input is around 10 to
15 seconds and the steady-state force error is ±2µN, as shown in Figure 4.23.
The PID-based explicit force controller produces satisfactory force-tracking per-
formance to a step force trajectory. However, based on the experimental data,
robust controller produces more satisfactory force-tracking performance to a si-
nusoidal force trajectory than PID-based explicit force controller does. The effi-
ciency of the robust controller has been demonstrated in an experiment to study
the force-induced variations in the stiffness of Zebrafish chorion (see Chapter
6).
The application of this explicit force control system in the above mentioned




Electrical Property of Cellular
Organism: Variation in Impedance of





Cellular organisms are constantly exposed to diverse mechanical forces from
their physical environment, such as the tensile or compressive forces exerted
on the bones and cartilages when humans are walking, the blood pressures and
shear stresses imposed on the endothelial cells when blood flows through the
blood vessels, etc. The effect of external forces on the internal structures and
activities in a cellular organism may manifest in changes in its bioelectrical
properties (as discussed in Chapter 1 and 2). One such property is its bio-
chemical impedance, which is directly related to the ionic movement in the
organism. Studying variation in the bioelectrical properties of a cellular or-
ganism induced by the application of an external mechanical force could be
a meaningful endeavour (from a biosystems perspective) in exploring the com-
plex mechanosensing and mechanotransduction mechanisms that govern the be-
haviour of a cellular organism under the influence of external mechanical stim-
uli.
As mentioned in Chapter 1, cellular transduction of mechanical forces into elec-
trical signals is a common mechanosensory process activated in the organism
in response to external forces and often involves mechano-mediated ionic trans-
portation. It is generally accepted that ion channels facilitate ionic movement
across biomembranes. Evidence from several studies has demonstrated that
mechanosensitive (MS) ion channels played an important role in the response
of cells to mechanical forces [84–88]. MS channel proteins sense the stress
(induced by an external force) on the cell membrane, and relieve the stress by
opening or closing the ion channels to change the osmolarity of the membrane.
This may be true for the lipid membrane formed with bilayer proteins (as dis-
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cussed in Chapter 2). Ionic movement in other types of biomembranes (such
as the zebrafish chorion) may follow a different mechanism. Although it is un-
clear whether ion channels exist in the zebrafish chorion, evidence has shown
that ionic activities do occur there [140]. The exact mechanism responsible for
such activities remains unknown. As described in Chapter 2, a pore plug is de-
posited on the individual pore canal in the zebrafish chorion (see Figure 2.12).
This study was motivated by the possibility that mechanical forces exerted on
the chorion may lead to the opening of the pore canals in the chorion to al-
low ion-carrying solutes to flow across, thus inducing variation in the electrical
properties (such as impedance) of the zebrafish embryo.
This chapter presents an experiment involving the direct application of a suitable
force on the chorion of a zebrafish embryo, with the explicit force-controlled
system described in Chapter 4, while simultaneously measuring its electrochem-
ical impedance. The experimental results demonstrate that the application of
an external force leads to a significant change in the impedance of a zebrafish
embryo. These results offer support for a plausible explanation that activities of
pore canals in the chorion are responsible for the observed change in impedance.
5.2 Motivation and Objective
A zebrafish embryo in its natural state exhibits intrinsic impedance that may be
altered by chemical agents [140]. This study is motivated by the possibility that
mechanical forces exerted on the zebrafish chorion may also be used as a means
to alter the impedance. There is a possibility that the mechanical forces exerted
on the chorion may lead to the opening of the pore canals in the chorion to allow
ion-carrying solutes to flow across, thus inducing variation in the electrical prop-
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erties of the zebrafish embryo, as mentioned above. The objective of the works
in this chapter is to study and distinguish the variations in the electrical property
(i.e., the electrochemical impedance) of the zebrafish chorion after it is indented
by a mechanical force. More precisely, it is to distinguish the ion movements
across the chorion membrane. The impedance is chosen as the designated prop-
erty due to the fact that the interfacial impedance between an electrode and a
biomembrane is dependent on their interfacial ion concentration (as described
in Section 5.3.2).
5.3 Materials and Methods
5.3.1 Collection of Zebrafish Embryos
Zebrafish embryos were collected and transferred according to the protocols
described in [7]. The male and female adult zebrafish were separated with a
barrier and held overnight in a tank with egg water (1L of distilled water with
1.5 ml stock salts). The zebrafish were allowed to breed by removing the barrier
the next morning, and the embryos were collected at the bottom of the tank
and transferred to a petri dish containing E3 Medium (5M NaCl, 4M KCl, 1M
MgSO4, 1M CaCl2 and methylene blue). The embryos were maintained in the
E3 medium at room temperature for six to seven hours and were then transferred
to a plastic made test holder; they were at approximately 50% epiboly stage.
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5.3.2 Electrochemical Impedance Measurement
The forces exerted on the Zebrafish chorion may lead to the opening of pore
canals in chorion to allow ions to move across the chorion membrane. The ac-
tivities of ion movements may cause a change in ion concentration on the mem-
brane surface and hence alter the electrical charge on the membrane. Neither
ion concentration nor surface charge can be measured directly. However, the
determination of the interfacial impedance associated with interfacial reaction
between the electrodes and chorion membrane could yield information about
the behaviour of ionic movement. This is because the interfacial impedance of
biological organism in a solution is inversely proportional to the surface charge.
The amount of electrical charges on the surface of the chorion depends on the
ion concentration on the chorion membrane [141]. As described in Chapter 2,
the Gouy-Chapman theory [6] suggests that such surface charges lead to the
formation of a double layer, the function of which is similar to that of a parallel
plate capacitor (see Figure 2.7). When a voltage is supplied via the electrodes
in contact with the charged surface, electrochemical reaction occurs. The ions
on the membrane tend to balance out the charges on the electrodes. The transfer
charge between electrodes and ions cause the current flow in the electrodes (see
Figure 5.1).
There are several techniques that can be used to measure the bioelectric sig-
nals, such as voltage- and current-clamp techniques. The most straightforward
method is the DC voltage-clamp technique. In the late 1970s, the DC voltage-
clamp method had become a well established technique for measurement of
membrane current in nerve and muscle cells [142–144]. In a typical DC voltage-
clamp setup, the membrane potential of the cell is held constant (i.e., “clamped”)
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Figure 5.1: Transfer charges between an electrode and ions on chorion mem-
brane causing current flow.
while the current flowing through the cell is measured by an ammeter or other
current measuring device. However, the DC voltage-clamp technique may cause
the zebrafish embryo to exhibit a necrotic response. Therefore, in this experi-
ment, the Electrochemical Impedance Spectroscopy (EIS) [72], which uses a
low AC voltage in low frequency, is used to determine the impedance.
The EIS is potentially useful to give insight into cellular behaviour and to detect
cellular changes in the physiological properties [145–147]. It provides a means
of indirectly accessing the extracellular activity of an ion [148, 149]. As illus-
trated in Figure 5.2, the EIS system consists of an AC voltage source, two zero
resistance electrodes, the embryo, and an ammeter. An AC potential Vm was ap-
plied to the embryo by the AC voltage source, and the current Im which flowed
through the embryo was measured. The voltage is the independent variable and
is controlled by the voltage source, while the current is the dependent variable,
with its value measured by the ammeter.
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Figure 5.2: Parallel-RC circuit model and circuit for measuring electrochemical
impedance.
As shown in Figure 5.2, a cellular organism in a solution (i.e., the zebraish
embryo) can be represented by a parallel-RC circuit model. The resistance R is
mainly associated with the resistance of biomembrane, while the capacitance C
is mainly associated with the double layer capacitance.











When the embryo in Figure 5.2 excited by a sinusoidal voltage
Vm (t) =V0 sin(ωt) (5.2)
where V0 is the amplitude of the excitation and the ω is the radial frequency.
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Due to the membrane double layer capacitance, the response current Im will be
at the same frequency ω but shifted in phase φ and with an amplitude I0 (as
shown in Figure 5.3), i.e.,
Im (t) = I0 sin(ωt−φ) (5.3)
Figure 5.3: Current response to a sinusoidal voltage.
By Ohm’s law, the impedance of the system can be expressed as the complex















From the complex number property [150, 151], Equation 5.2 and 5.3 can be
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written as:
Vm (t) =V0e jωt + jV0 cos(ωt) (5.5)
Im (t) = I0e jωte jφ + jI0 cos(ωt−φ) (5.6)
All physical time-dependant quantities, such as Vm (t) and Im (t), are real quan-
tity [151]. Therefore,









The current flow trough the circuit shown in Figure 5.2 is sum of the current
flow in individual passive element (see Figure 5.4), i.e.,
Im (t) = IC + IR




Due to the fact that
d
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Figure 5.4: Current flow in a parallel-RC circuit.
where f is a continuous function of t, then
dVm (t)
dt = Re
{ jωV0e jωt} (5.10)
















Therefore, the impedance of Equation 5.1 can be expressed in terms of Z0 = V0I0
and a phase shift φ , as shown in Equation 5.4.
With Eulers relationship, i.e.,
e jφ = cosφ + j sinφ (5.12)
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= Z0 (cosφ + jsinφ)
(5.13)
Hence, Equation 5.11 become








where Re and Im are the real and imaginary number respectively. The impedance












Figure 5.5 illustrates the setup for impedance measurement. The embryo was
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half immersed in E3 medium in order to minimise the short-circuit effect of
the solution. The negative electrode (immersed in the solution) made contact
with the embryo on the bottom pole while the positive electrode made contact
on the top pole. Both electrodes were Ag-AgCl wires, made from a pure Ag
wire (with a diameter of 0.2 mm) and soaked in household bleach for 15 to 30
minutes [152].
Generally, the basic purpose of EIS is to determine these electrical properties of
the passive elements (such as resistance R and capacitance C shown in Figure
5.2) of a material or system, which are normally time-invariant. However, the
purpose of using EIS in this experiment is to measure the impedance of zebrafish
chorion before and after being indented by a mechanical force, in real-time. In
this case, the value of the resistance and capacitance of zebrafish chorion may
change when force is exerted on the chorion. Therefore, in this experiment,
the impedance is measured by applying a single frequency voltage Vm to the
chorion and measure the current flowed Im. Then, the magnitude of the resulting
impedance (i.e., the Z0) and the phase shift (i.e., the φ ) at that frequency can be
determined. The frequency of 10Hz is selected as the designated frequency for
all the impedance measured in this experiment. This frequency is chosen in such
a way that it is not too high to generate undesired heat to the embryo, and not
too low to incapacitate the system to detect the current or impedance. When no
voltage is applied, the circuit carries a current (i.e., the so-called current offset
bias) due to inherent noise induced by the measuring equipment. This current
offset bias was first measured and used to calibrate the subsequent measured
current when a voltage was applied. The embryo was then excited by a 1V,
10Hz sinusoidal voltage applied through an analog Input/Output multifunctional
card (Model NI6024E, National Instrument). Both Vm and Im were measured
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(a)
(b)
Figure 5.5: Illustration of impedance measurement setup: (a) Isometric view.
(b) Schematic isometric view.
at a sampling frequency of 10kHz by a 24-bit analogue input module (Model
NI9219, National Instrument).
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5.3.3 Force Control
The overall system for exerting forces on a zebrafish chorion was discussed
in Chapter 4 and is shown in Figure 5.6. The system consists of a voice-coil
actuator for force generation and a flexure stage for force transmission. The
force to be exerted on an embryo is in the order of hundreds of micro-Newtons.
A micro-indenter equipped with a micro-force sensor was used to exert such
a force on the embryo. The interaction force between the micro-indenter and
chorion membrane surface was measured by the micro-force sensor and feed-
back to the PID explicit force controller as shown in Figure 4.19 (see Section
4.3.2 in Chapter 4).
5.4 Results and Discussion
A zebrafish embryo, in its natural state of development, exhibits intrinsic impedance.
The intrinsic impedance is not the same for every embryo (as demonstrated in
Figure 5.7 - 5.9, when the embryo is unperturbed). This can be due to vari-
ous factors, such as ionic activities on the electron-dense membrane and other
background currents. Figure 5.7 shows the measured impedance of an unper-
turbed embryo. The initial sharp drop in impedance shown in the figure is due
to the fact that, before the electrodes made contact with the chorion, the mag-
nitude of the measured current was negligible; the calculated impedance, as a
consequence, was extremely large. Once the electrodes made contact with the
chorion, current flowed through the measurement circuit (as shown in Figure
5.2), and a stable measured impedance was obtained.
To investigate the effect of an externally applied force on the impedance of an
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(a)
(b)
Figure 5.6: Illustration of explicit force-feedback system: (a) Plan view. (b)
Schematic plan view.
embryo, the micro-indenter was controlled to exert a force of 100 µN for about
600 seconds on the chorion of an initially unperturbed embryo. This force was
sufficiently large to induce a change in the impedance of the embryo, yet it was
still substantially below the force threshold (i.e., around 1mN as shown in Figure
3.1) that may pierce the chorion. This experiment was repeated on ten embryos.
Four representative responses of the impedance (in time domain) for four dif-
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Figure 5.7: Measured impedance of an unperturbed zebrafish embryo.
ferent embryos over 1500 seconds are presented in Figures 5.8 (a)-(b) and 5.9
(a)-(b). These results indicate that application of an external force on the chorion
led to a noticeable change in the impedance of the embryo. Such changes were
observed to occur upon a delay (of about 200 seconds for the cases shown in
Figures 5.8 and 5.9) after the force was applied.
The difference in the impedance of the chorion, before and after being indented
by mechanical force, indicates that the value of resistance R and capacitance C
(as shown in Figure 5.2) has changed. The changes in resistance and capaci-
tance at 10Hz, 200 seconds before the force is applied and 200 seconds after the
force is removed, are determined. The corresponding results for all four chorion
shown in Figure 5.8 and 5.9 are shown in Table 5.1. For the Zebrafish chorion
shown in Figure 5.8 (a) and (b), the increase in capacitance is around 36% and
30%, and the increase in resistance is around 6.87% and 5.1%, respectively. As
for the chorion shown in Figure 5.9 (a) and (b), the decrese in capacitance is of
around 33% and 23%, and the increase in resistance is around 5.7% and 6.7%,
respectively. For all cases, only marginal changes in resistance can be observed
while changes in capacitance are significant.
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(a)
(b)
Figure 5.8: Two results showing the impedance dropped after force applied at
around 600sec.
The exact mechanism by which an external force causing the measured impedance
of the embryo to change is not yet known. At a given voltage, the change in the
measured current is possibly due to the chorion membrane becoming more or
less permeable to certain ions (i.e., due to the influx and/or efflux of ions across
the chorion membrane). The variation of permeability of chorion membrane
is induced by the external force exerted on the pore canals in the chorion, as
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(a)
(b)
Figure 5.9: Two results showing the impedance increased after force applied at
around 600sec.
discussed below.
The equilibrium in electrical charges on the chorion when a voltage is first ap-
plied can be observed in Figures 5.8–5.9, where the measured impedance sta-
bilises after 300 seconds. It is possible that subsequent application of an exter-
nal force on the chorion dislodges the pore plugs (see Chapter 2) from the outer
layer, thus providing a passageway for ions to move across the chorion. Such
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Table 5.1: Force-induced changes in resistance and capacitance of zebrafish
chorion
Embryo Before perturbation (a) After perturbation (b) % change in
of Fig. R (MΩ) C (nF) R (MΩ) C (nF) R C
5.8 (a) 4.15 3.27 4.44 4.47 6.9 36.4
5.8 (b) 3.12 3.69 3.28 4.82 5.1 30.6
5.9 (a) 1.23 15.11 1.30 10.06 5.7 -33.4
5.9 (b) 5.75 3.12 6.13 2.38 6.7 -23.8
(a). Measured 200 seconds before a mechanical force of 100µN was applied.
(b). Measured 200 seconds after a mechanical force of 100µN was applied.
transportations of ions lead to fluctuations in ion concentration on the external
membrane surface of the chorion, resulting in a net change in the amount of
charges and hence the change in the double layer capacitance. Impedance is in-
versely proportional to capacitance, e.g., impedance decreases with increasing
capacitance. The change in capacitance results in the change of impedance, as
demonstrated in Figures 5.8 and 5.9. The decrease or increase of impedance
depends on the influx or efflux of the ions on the chorion membrane, since ions
diffuse from a region of high concentration to one of low concentration. An
influx is indicated by a decrease in impedance (increase in capacitance), while
an efflux by an increase in impedance (decrease in capacitance). The observed
delay (upon application of force) before change in impedance occurred may be
attributed to the double-layer capacity, as illustrated in Figure 2.7.
5.5 Concluding Remarks
The objective in this study was to examine and distinguish the ion transport ac-
tivities of Zebrafish chorion. The experimental results presented in this chapter
provide direct evidence that the application of an external force leads to observ-
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able changes in the impedance of a zebrafish embryo. Such evidence offers sup-
port for a plausible explanation that the pore canals behave in a way somewhat
similar to (non-selective) mechanosensitive ion channels, and are responsible
for the observed change in impedance. It is possible that the application of an
external force on the chorion dislodges the pore plugs from the outer layer, thus
providing a passageway for ions to move across the chorion. Such transporta-
tions of ions lead to fluctuations in ion concentration on the external membrane
surface of the chorion, resulting in a net change in the amount of charges and
hence the change in the impedance. The decrease or increase of impedance de-
pends on the influx or efflux of the ions on the chorion membrane, respectively,
since ions diffuse from a region of high concentration to one of low concentra-
tion. An influx is indicated by a decrease in impedance, while an efflux by an
increase in impedance.
The experimental approach described in this chapter can be used to provide
positive/negative information of ion transportation activities. However, further
research beyond these initial results are needed to develop a better understanding
of the mechanism linking the change in ion concentration on the chorion surface
directly to the pore canal activities induced by an external force. An immediate
consequence of understanding this mechanism is the ability to engineer new
techniques to manipulate the activities of ionic movement across biomembranes
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Embryos may be constantly subjected to mechanical forces throughout their de-
velopment, such as gravity, stress induced by fluid flow, etc. Some of the forces
are repetitive. For instance, the intermittent oscillations generated when a preg-
nant woman is in motion, the water wave exerted on a fish embryo, etc. The
forces may rapture and fragment the embryos. Moreover, the degradation in
genetic and some congenital diseases originate from an embryo’s inability to
mitigate the defects caused by external forces [153]. Surrounding the devel-
oping embryos, the porous and multilayer extracellular envelopes (commonly
known as chorion in teleost fish [10, 93, 94] or zona pellucida (ZP) in mam-
malian [8,47,93]) play an important role to ensure that the embryo remains intact
until the developing process is complete. The chorion thereby serves as a de-
fence mechanism against external forces exerted by the environments that may
cause mechanical damage to the embryo. However, little is known about how
the chorion responds to mechanical forces, especially periodic forces. Charac-
terisation of those responses would therefore provide a better understanding on
how repetitive mechanical stimuli influences the behaviours and properties of
the embryos in vivo.
As described in Chapter 2, the chorion is mainly composed of proteins and gly-
coproteins [95] that are highly cross-linked and insoluble. When the chorion is
mechanically deformed, it exhibits a short-time elastic and a long-time viscous
behaviour [124]. Materials that behave simultaneously as elastic solid and vis-
cous fluid are known as viscoelastic (as described in Chapter 3). The viscoelastic
behaviour can be modelled by a combination of Hookean springs and Newtonian
dampers [77]. The spring represents the elastic solid while the damper repre-
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sents the viscous fluid. By making various combinations of these two elements,
various viscoelastic models can be built.
A viscoelastic material will exhibit certain mechanical properties. One of the
properties is stiffness. The stiffness can be defined as the resistance of a material
to an external force. Young’s modulus, expressed as the ratio of stress to the
strain, can be used to characterise the stiffness. Chapter 3 has shown that the
zebrafish chorion exhibits a viscoelastic behaviour, and a viscoelastic model
based on a generalised Maxwell model has been established as shown in Figure
3.6.
The stiffness of the chorion can be influenced by age, biochemical agents and
other factors. For instance, during zona reaction which occurs after the egg has
been activated by a sperm, the chorion transforms structurally and chemically,
thereby increasing its stiffness and hardness [10]. When embryos evolve from
one developmental stage to the next, their elastic property changes. The change
is due to proteolytic activities that modify the chorion structure [33, 94]. The
stiffness could also be increased when the chorion is dissolved in some chemical
agents [154]. This phenomenon has been well known as zona hardening. The
strength of the stiffness is determined by the numbers of non-covalent bonds
in the protein chains. Any protein unfolded or bond dissociation would degrade
the stiffness. In short, variation in the stiffness of a cellular organism reflects the
biological activities happening inside, and possibly the health, of the organism.
This chapter presents a set of experiments that had been conducted to inves-
tigate the force-induced responses of zebrafish chorion before and after the
chorion had been perturbed by a prescribed step and periodic perturbation (i.e.
rectangular-wave and sinusoidal periodic force). The experimental results show
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that application of an external force leads to a reduction in the stiffness of the
zebrafish chorion, and that variation in such a reduction is strongly influenced
by the perturbation time (for the case of the step perturbation), space width TO f f
between perturbations (for the case of the rectangular-wave periodic perturba-
tion), and the frequency (for the case of the sinusoidal periodic perturbation).
These results provide evidence supporting the hypothesis that the stiffness of
some cellular organisms can be actively modified by the application of an ap-
propriate mechanical force.
6.2 Motivation
Several evidences have shown that the changes in cellular mechanical properties
are crucial in the formation of many diseases. For instance, the stiffness of
metastatic cancer cells was found to be lower (as mush as 70%) than that of
healthy cells [70]. The study in this chapter is motivated by the possibility that
the technique of directly altering the mechanical properties (e.g., the stiffness)
of certain cellular organisms with external mechanical force may be used as a
means for diagnostics and therapy of certain type of diseases. Therefore, in this
chapter, an experiment is conducted to investigate the force-induced variation in
stiffness of zebrafish chorion after being subjected to an external applied force
with certain prescribed force profiles.
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6.3 Materials and Methods
Zebrafish embryos were collected and transferred as described in Section 5.3.1
of Chapter 5. In this experiment, the embryos were maintained in the E3 medium
at room temperature for four to five hours before being transferred to the test ap-
paratus.
To apply a prescribed external force on the zebrafish embryo, the explicit force-
feedback control system described in Chapter 4 was used. The experimental
setup is shown in Figure 6.1.
Figure 6.1: Overall view of experimental setup.
6.3.1 Young’s Modulus Determination
The Young’s modulus of the chorion can be determined by fitting the experi-
mental data into the classical Hertz model [155]. The Hertz model is a common
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tool used to express mechanical properties of biological samples [73–76]. De-
forming the embryo with step indentation consists of two phases, the first phase
with large deformation but low viscosity and the second phase with small de-
formation but high viscosity. According to the Hertz model, the mechanical
properties are related to the first phase [156]. When the chorion deformation
and magnitude of force are known, the Young’s modulus of the chorion can be









where E is the Young’s modulus; δ is the deformation; F is the force associated
to the deformation; and ν is the Poisson’s ratio. In the equation, the radius of
the micro-indenter is assumed as r, and for incompressible materials such as
soft biological samples and rubber, the Poisson’s ratio ν is generally set to 0.5.
6.3.2 Force Control
To study the force-induced change in stiffness of zebrafish chorion requires a
proper controlled force trajectory, since the biological systems exhibit a high
degree of uncertainty in their behaviour. To enable accurate application of an
external force on a zebrafish chorion, a robust explicit force-control scheme
based-on Lyapunov’s second method [138, 139] has been developed to com-
pensate the uncertainties associated with the dynamics model of the zebrafish
chorion, as well as in the dynamics model of the flexure force transmission
stage. The controller (as shown in Figure 4.22) consists of an inner loop control
based on the nominal system and a robust outer loop feedback control based
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on the uncertainty bounds. The outer loop control can be chosen such that the
system follows the desired trajectory closely to achieve acceptable performance.
The details of the controller developed is described in Section 4.3.3.
6.3.3 Methodology
In a typical experiment, the zebrafish embryo under investigation was immo-
bilised by a custom made stopper (as indicated in Figure 6.2 and 6.3) and vi-
sualised simultaneously under a digital camera. The tip of the micro-indenter
was first positioned near the surface of the chorion. The micro-positioner then
moved the micro-indenter (together with the flexure stage) to indent the chorion
to produce a deformation of around 150 µm. The micro-indenter was main-
tained in its position for around six seconds, which was sufficiently short as it
did not induce a significant change to the stiffness (or Young’s modulus) of the
chorion. The micro-indenter rapidly retracted at the end of the six-second pe-
riod. The contact force was measured by the micro-force sensor. The Young’s
modulus of the chorion is calculated by fitting the experimental data with the
Hertz model (Equation 6.1). With the embryo still being held in the experimen-
tal apparatus, the chorion was then indented, by a force trajectory (i.e., step,
rectangular-wave periodic, and sinusoidal periodic force trajectory) with mag-
nitude of around 100µN and for various durations or frequencies. After being
perturbed by the force, the Young’s modulus of chorion was determined again
according to the procedure described above. All the experiments were carried
out at room temperature.
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Figure 6.2: A closed view of experimental setup.
Figure 6.3: Indenting the zebrafish chorion with a micro-indenter.
6.4 Results and Discussion
6.4.1 Influences of Step Perturbation on the Stiffness of Ze-
brafish Chorion
Figure 6.4 shows the force response curves of the zebrafish chorion when sub-
jected to a step perturbation with a constant force of 100µN and various du-
rations of perturbation. The square-solid line in the figures indicates the force
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response of the unperturbed chorion, while the triangle-dash line indicates the
measurement after the perturbation. Figure 6.5 summarises the reduction in the
Young’s modulus of the chorion. The values of the five viscoelastic param-
eters (see Figure 3.6) obtained from the fitting of the stress relaxation curves
are presented in Table 6.1. The long-term viscoelastic behaviour of viscoelastic
material is characterised by the steady-state decay function (i.e., the parameter
k1), while the transient decay to steady-state value is determined primarily by
its relaxation function coefficients such as the parameters k2, k3, b2 and b3 [77].
As shown in Table 6.1, it appears that the forces exerted on zebrafish chorion
induce a reduction in the Young’s modulus as well as in the steady-state decay
function, i.e., the parameter k1. However, no clear trend of changes in the re-
laxation function parameters is observed. The changes of the parameters are
irregular. For instance, the results show an increase in the value of the param-
eter b2 of the embryo of Figure 6.4 (b) but a decrease in the embryo of Figure
6.4 (c). In other words, the zebrafish chorion is homogeneous with respect to
their elastic behaviour but inhomogeneous with respect to relaxation behaviour.
Further researches are required to resolve the underlying fundamentals of this
conundrum.
Table 6.1: Changes in viscoelastic parameters of zebrafish chorion subjected to
step force
Embryo Before force applied After force removed
of Fig. k1 k2 k3 b2 b3 k1 k2 k3 b2 b3
6.4 (a) 2.46 8.92 0.22 0.85 2.09 2.69 9.14 0.26 0.71 2.62
6.4 (b) 2.97 6.26 0.38 1.90 0.72 2.45 7.45 0.42 2.02 0.74
6.4 (c) 2.06 5.53 0.19 0.92 1.52 1.58 5.41 0.18 0.64 1.39
6.4 (d) 2.26 7.96 0.22 1.80 0.73 1.52 10.01 1.45 1.00 1.19
6.4 (e) 2.65 8.24 0.50 1.11 1.59 0.24 3.91 1.09 1.72 0.89
During the early development stage, the zebrafish chorion undergoes a process
of “chorion softening” which reduces the stiffness of the chorion. This reduction
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Figure 6.4: Force response curves (in respected to a displacement of 150µm)
of zebrafish chorion perturbed by a step perturbation with magnitude of 100µN
and perturbation time of (a) 30 seconds. (b) 40 seconds. (c) 1 minute (d) 2
minutes and (e) 3 minutes. (Square-solid line - initial measurement. Triangle-
dash line - measurement taken after perturbation)
is due to the proteolytic activities which have altered the viscosity of the chorion
[33]. However, under a short time scale, the influence is insignificant, as shown
in Figure 6.6.
As discussed in Chapter 2, the chorion is formed by numerous interconnected
128
6.4 Results and Discussion




Figure 6.6: Force response curve (in respected to a displacement of 150µm) for
unperturbed embryos. (Square-solid line - initial measurement. Triangle-dash
line - measurement taken after (a) 40 seconds and (b) 10 minutes)
glycoproteins (e.g. ZPA and ZPC) filaments [8, 9]. The filaments are highly
cross-linked by the third glycoprotein (e.g., ZPB or ZPX) and form the three
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dimensional structure, as shown in Figure 2.11. The three dimensional structure
is expected to give the chorion the necessary stiffness.
When a chorion is perturbed and released immediately, it returns to its original
state (Figure 6.4 (a)), i.e. the behaviour is like an elastic spring. If the pertur-
bation is held for a time before the release, the chorion does not return to its
original state. Instead, it returns to an intermediate position. At the molecu-
lar level, for a short perturbation time, none of the inter-filaments cross-links
are broken. However, the chorion membrane can be easily bent. When the
perturbation persisted for a longer period, it would impose a continuous shear
stress on the cross-linked filaments, thus increasing the dissociation rate of the
inter-filaments cross-links and mediating the protein networks to recoil and es-
tablish other new bonds with the filaments close to them [157]. By doing so,
the chorion thereby dissipates the mechanical stress and prevents the fragmen-
tation. This phenomenon is known as stress relaxation [77]. The relaxation is
time-dependent, the longer the stress is applied, the severer the dissociation of
the cross-links. Moreover the recovery will be slight, resulting in a large reduc-
tion in their stiffness.
The diminution is perpetual, as shown in Figure 6.7, where the stiffness was
not recovered to its initial value even though it was kept in its unperturbed state
for around 30 minutes after a perturbation. During the relaxation, the cross-
linkers lost their memory of the position they formerly held. They were free to
redistribute and re-associate with other filaments to form an equilibrium con-
figuration with a stiffness different from that of its former configuration. The
newly formed non-covalent cross-link bonds can be dissociated by a subsequent
perturbation, which may further degrade the stiffness of the chorion, as shown
in Figure 6.8.
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Figure 6.7: Force response curves (in respected to a displacement of 150µm)
of a zebrafish chorion after being allowed to be kept in its unperturbed state
for around 100 seconds, 340 seconds, 820 seconds and 1780 seconds after a
perturbation.
Figure 6.8: Force response curve (in respected to a displacement of 150µm)
of a zebrafish chorion which was further perturbed by a step perturbation with
magnitude of 100µN for 40 seconds. (Square-solid line - initial measurement.
Triangle-dash line - measurement taken after first perturbation. Circle-dash line
- measurement taken after second perturbation)
6.4.2 Influences of Periodic Forces on the Stiffness of Zebrafish
Chorion
To investigate the influence of periodic forces on the stiffness of zebrafish chorion,
force responses of the chorion perturbed with a rectangular-wave and a sinu-
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soidal periodic force shown in Figure 6.9(a) and 6.9(b) respectively were ex-
amined. The magnitude of both test-forces was controlled at 100µN. In the
rectangular-wave periodic force trajectory, the pulse width TOn was set to 10
seconds throughout the study, while the space width, TO f f was varied. TOn was
set to 10 seconds to ensure that the perturbation itself would not induce a signif-
icant reduction in the stiffness of the chorion, since the stiffness of the chorion
was not meant to be influenced significantly by a step perturbation with pertur-
bation time of less than 30 seconds (Figure 6.4 (a)). On the other hand, in the
sinusoidal periodic force trajectory, only the frequency (i.e., 1/T ) was varied.
(a)
(b)
Figure 6.9: Two types of periodic force: (a) Rectangular-wave periodic force
trajectory and (b) Sinusoidal periodic force trajectory
The force responses of the chorion elicited by rectangular-wave and sinusoidal
periodic forces are shown in Figure 6.10 and 6.11, respectively. The change
of values of the five viscoelastic parameters, for zebrafish embryos perturbed
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by the rectangular-wave and sinusoidal forces, are presented in Table 6.2 and
6.3 respectively. Similar to the experimental results shown in Section 6.4.1,
the forces exerted on the zebrafish chorion induce a reduction in the Young’s
modulus as well as in the steady-state decay function k1.
(a) (b)
(c) (d)
Figure 6.10: Force response curves (in respected to a displacement of 150µm)
of zebrafish chorion subjected to a rectangular-wave force trajectory with (a) TOn
of 10sec TO f f of 10sec and duration of 3mins. (b) TOn of 10sec TO f f of 30sec
and duration of 3mins. (c) TOn of 10sec TO f f of 40sec and duration of 5mins.
and (d) TOn of 10sec TO f f of 50sec and duration of 5mins. (Square-solid line -
initial measurement. Triangle-dash line - measurement taken after perturbation)
Table 6.2: Changes in viscoelastic parameters of zebrafish chorion subjected to
rectangular-wave force
Embryo Before force applied After force removed
of Fig. k1 k2 k3 b2 b3 k1 k2 k3 b2 b3
6.10 (a) 2.53 9.38 0.71 1.28 0.84 1.59 3.43 0.34 1.33 0.45
6.10 (b) 3.00 6.34 0.60 1.38 0.84 2.48 4.76 0.47 1.63 0.63
6.10 (c) 2.94 6.74 0.48 1.36 0.73 2.68 8.78 0.72 1.15 0.77
6.10 (d) 2.83 8.09 0.49 1.48 0.80 2.61 7.28 0.52 1.59 1.02
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Figure 6.11: Force response curves (in respected to a displacement of 150µm)
of zebrafish chorion subjected to a sinusoidal force trajectory with (a) T of 50sec
and duration of 3mins. (b) T of 20sec and duration of 3mins. (c) T of 3.3sec and
duration of 5mins. (d) T of 1.3sec and duration of 5mins. and (e) T of 1.15sec
and duration of 5mins. (Square-solid line - initial measurement. Triangle-dash
line - measurement taken after perturbation)
Even though there were no significant conformational changes in glycoproteins
network when perturbed by a ten-second period step perturbation alone, the
periodic forces with space width TO f f of less than 40 seconds were found to
induce a significant reduction in the stiffness of the chorion (as shown in Figure
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Table 6.3: Changes in viscoelastic parameters of zebrafish chorion subjected to
sinusoidal periodic force
Embryo Before force applied After force removed
of Fig. k1 k2 k3 b2 b3 k1 k2 k3 b2 b3
6.11 (a) 3.05 3.22 0.38 1.07 0.84 2.90 3.23 0.40 1.61 0.80
6.11 (b) 2.83 2.17 0.24 0.92 0.51 1.68 3.67 0.55 1.14 0.77
6.11 (c) 2.59 6.57 0.36 1.01 1.40 2.13 7.04 0.78 0.98 1.06
6.11 (d) 2.97 4.82 0.32 1.21 0.75 2.22 5.09 0.48 1.18 0.81
6.11 (e) 2.79 4.28 0.06 0.95 1.00 2.10 4.63 0.29 1.37 0.35
6.12(a)). The reduction in the stiffness is inversely proportional to the space
width TO f f .
The reduction in the stiffness of zebrafish chorion also occurred in the chorion
perturbed by sinusoidal periodic force. However, the reduction could not be dif-
ferentiated distinctively as in the cases of rectangular-wave periodic force, since
the stiffness of all zebrafish chorion was reduced significantly (Figure 6.12(b)).
Nevertheless, it still can be seen from the Figure 6.12(b) that the increase in the
frequency induce a larger reduction in stiffness. It may be deduced that in a
short space width TO f f or with a fast frequency, the rapid changes in force had
been effectively sensed by the chorion proteins as a constant force, resulting in
the reduction of stiffness. The periodic forces therefore mediate the dissociation
of the inter-filaments cross-links and subsequently reduce the stiffness of the
chorion.
6.5 Concluding Remarks
The main objective of this study is to characterise the force-induced mechanical
properties changes in zebrfish embryo. More specifically, the study focuses on





Figure 6.12: Reduction in Young’s modulus of zebrafish subjected to various
of (a) space width, TO f f of rectangular-wave periodic perturbation, and (b) fre-
quency of sinusoidal periodic force.
study may be used for a better understanding of the dynamics response of a
embryo to mechanical force in-vivo.
Many diseases originate mainly because of the failure caused by protein un-
folding, breaking of hydrogen bonds and dissociation of protein bonds [153].
The experimental method proposed in this chapter may be used for develop-
ing an understanding on some formation processes of certain diseases. Change
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of cell properties is crucial in formation of many diseases such as cancer and
malaria [42]. The stiffness of cancer cells was found to be less than those of
healthy cells [92]. Studying the force-induced reductions of the stiffness in
healthy cells may provide a deeper insight on the formation of cancer cells.
In conclusion, the experimental results have demonstrated that the application
of controlled forces lead to a reduction in the stiffness of the zebrafish chorion.
The variation in such a reduction is strongly influenced by the perturbation time
(for the case of step force trajectory), the space width TO f f (for the case of
rectangular-wave periodic force trajectory) and the frequency (for the case of
sinusoidal periodic force trajectory). The experimental results provide evidence
supporting the hypothesis that the stiffness of zebrafish chorion can be mod-
ified by application of an appropriate external force. This approach could be
employed in a variety of different cellular organisms. This may allow the clin-
icians to alter the biological functions and disease properties by applying the
mechanical force directly, leading to a new strategy for treatment.
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Cellular organisms possess physical properties that enable them to deal with the
mechanical forces inherent in their physical environments. When the cellular or-
ganisms sense a change in their external loadings (such as pressure, gravity, fluid
shear stress, stretch, and compression), they actively alter their internal proper-
ties to counteract the external forces. This suggests that timely application of
appropriate mechanical forces may be used to alter the internal properties of the
cellular organism directly. This has led to a long-term objective, i.e. to develop
an engineering technique for manipulating and controlling the disease proper-
ties, cellular biological functions and processes (e.g., cell division, and gene
expression) through direct control and application of an external mechanical
force. As the first step towards this long-term objective of mechano-control of
biological functions and systems, a series of experiments have been conducted
to detect and investigate, in a quantitative manner, the mechano-induced varia-
tion in the electrical (i.e., impedance) and mechanical (i.e., stiffness) properties
of a cellular organism.
This thesis explores the development of (a) the experimental methods for the in-
vestigation mentioned above and (b) an explicit force-controlled system which
is capable to apply and control a prescribed force to a cellular organism. In the
experiment conducted in this thesis, zebrafish embryo was used as the model
system. As described in Chapter 4, the established explicit force-controlled
system consists of a linear voice-coil actuator for force generation, a micro-
indenter equipped with a piezoresistive micro-force sensor for applying a pre-
scribed force on the cellular surface, and a compound flexure stage for trans-
mitting the force from the voice coil actuator to the micro-indenter. The in-
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teraction force between the micro-indenter and the cellular surface is measured
and feedbacked to the controller by the micro-force sensor. For the purpose
of controlling an indentation force in the experiment described in Chapter 5, a
PID-based explicit force controller has been designed and implemented for the
explicit force-controlled system (see Section 4.3.2). The controller is synthe-
sised by using the method of control-law partitioning [134]. The experimental
results demonstrate that this controller produces satisfactory force-tracking per-
formance to induce variation in the impedance of Zebrafish chorion (see Chapter
5). The steady-state force error for this controller is around ±5µN and the time
taken for the controller to achieve the desired force is around 5 to 10 seconds.
However, when dealing with biological systems, which exhibit a high degree of
uncertainty in their behaviour, the PID controller may be inadequate for track-
ing the desired force trajectory and may result in an unstable system. To attain
an interaction force that enables the micromanipulator to interact with an uncer-
tain environment (i.e., the zebrafish chorion), a robust explicit force-controlled
scheme based on Lyapunov’s second method was developed (as presented in
Section 4.3.3). The controller has a built-in capability to compensate for the un-
certainties exhibited in both the dynamic model of the zebrafish chorion and that
of the voice-coil driven micromanipulator, while still achieving a good tracking
performance. The controller consists of an inner loop based on the nominal sys-
tem and a robust outer loop based on the uncertainty bounds. The outer loop
can be set such that the system follows closely the desired trajectory. Since the
controller is designed based on Lyapunov’s second method, the Lyapunov sta-
bility criterion will ensure that the system is always asymptotically stable. The
explicit force-controlled system is able to apply an indentation force that can
be controlled in magnitude, different types of force trajectory (e.g., step, sinu-
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soidal, and etc.), with various durations or frequencies, directly to the zebrafish
embryo. The efficiency of the robust controller has been demonstrated in an
experiment described in Chapter 6. As indicated in the experimental results, the
Settling time for the controller to a step input is around 10 to 15 seconds and the
steady-state force error is ±2 µN.
The explicit force-controlled system established in this thesis, if combined with
other analysis techniques such as real-time measurement using patch clamp
method or fluorescent probe, can be used as an engineering approach for many
biomanipulation including microinjection, controlling the stem cell microen-
vironment to alter the gene expression and regulate stem cell differentiation,
investigating and verifying the signalling role of ion channels, as well as other
quantitative cellular biomechanics researches.
In the experiments conducted in this thesis, the zebrafish chorion was indented
with the explicit force-controlled system and simultaneously measures the force-
induced changes in the properties of zebrafish chorion in-vitro. As shown in
Chapter 5 and 6, the experimental data provides evidence supporting the hypoth-
esis that certain physical properties of some cellular organisms can be modified
by applying an appropriate mechanical force. This has led to new insights into
the influence of external forces on biophysical properties of a cellular organism.
The findings provide a basic milestone for future study to reveal the possible
signalling pathway of the organism (e.g., the zebrafish embryo) in response to
an external mechanical force. To the best knowledge of the author, no studies of
the dynamics behaviours and influence of the external forces, of different rates
or frequencies, on the physiological properties of zebrafish embryos were pre-
viously undertaken. The experimental setup and method proposed in this thesis
therefore provide a useful approach for the study of the interactions involving
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the rheological and physical properties of a cellular organism. Moreover, it is
now an important emerging area of research in mechanotransduction, and the
approach proposed in this thesis could also be used to study the mechanism of
cellular biomechanical response and signal transduction pathway in more detail,
which ultimately may allow the clinicians to alter the biological functions and
disease properties by applying the mechanical force directly, leading to a new
strategy for treatment.
7.2 Contribution
The contribution of this thesis can be summarised as follows:
1. Modelling and characterisation of the complex rheological behaviour of
zebrafish chorion
Modelling a cellular organism can be a very complicated task since most
organisms exhibit inhomogeneous and non-linear behaviours. In Chap-
ter 3, a passive physical equivalent viscoelastic model of the zebrafish
chorion membrane subjected to an indentation force has been developed.
The proposed model, constructed based on the Maxwell-Weichert vis-
coelastic model, consists of two Maxwell elements in parallel with a
spring (as shown in Figure 3.6). Further, an experimental verification was
conducted to analyse the viscoelastic behaviour of the zebrafish chorion,
and to determine the parameter values of the model. From the analysis,
the model was found to represent adequately the response of zebrafish
chorion to an indentation force. However, it is important to note that
even if the linear analysis for the applied forces correctly reflects the re-
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sponse of the zebrafish chorion, the relationship will break down since the
chorion will fracture beyond the yield threshold.
2. Design and implementation of a flexure force transmission stage
Due to the sensitivity of the voice coil actuator used in this thesis (i.e.,
0.575 N/A), the force generated by the actuator is considerably large for
the experiments conducted. Furthermore, the movable core of actuator
cannot be coupled to the micro-indenter directly. In order to move the
core axially, the core needs to be suspended by a resilient mechanism.
Therefore, to reduce the force generated by the actuator (thus permitting
the use of the actuator) and at the same time suspend the movable core,
a force transmission stage based on compound flexure mechanism was
developed (see Chapter 4 Section 4.2.2). The stage is machined from a
single piece of material. It serves as a means to transmit a precise force in
short-range and rectilinear motion. The stage provides frictionless trans-
lations with low stiffness motion along the travel direction, while exhibit-
ing high stiffness in other directions. Other performances offered by the
flexure stage include reduced wear, negligible mechanical backlash, con-
tinuous displacement, reduced weight, and free of lubrication. In Section
4.2.2, issues related to the stage design such as mobility, stiffness, max-
imum displacement, hysteresis, and thermal effect have been discussed
and analysed.
3. Force-induced variation in impedance of zebrafish embryos
Impedance is one of the properties that may reflect biological activities
associated with ionic movement in a cellular organism. In Chapter 5, an
experiment has been conducted to demonstrate that application of a lo-
calised mechanical force induces observable changes in the impedance of
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a zebrafish embryo, and a new hypothesis has been proposed to explain
the observed changes (see Section 5.4). To the best knowledge of the au-
thor, this is the first time such experimental results have been obtained.
The experimental results support the hypothesis that application of an ex-
ternal force on the chorion membrane may dislodge the pore plugs on the
pore canals located within the chorion membrane, thus providing a pas-
sageway for ions to move across the membrane. Such ion transportations
lead to a net change in the surface charges on the external surface of the
chorion and hence induce an observable change in impedance.
4. Reduction in zebrafish chorion stiffness by external perturbation
Beside electrical properties, changes in mechanical properties of a cellu-
lar organism have also been known to reflect the cellular activities and the
state (such as progression of disease state) of a cellular organism. Chapter
6 presents the experiments conducted in this thesis to study the variation
of the stiffness of zebrafish chorion when it is perturbed by an externally
applied prescribed force. The results of the experiments have demon-
strated that the application of controlled forces with certain dynamic pro-
files leads to a reduction in the stiffness of the zebrafish chorion. Such
reduction is strongly influenced by the perturbation time (for the case of
step force trajectory), the space width (for the case of rectangular-wave
periodic force trajectory) and the frequency (for the case of sinusoidal pe-
riodic force trajectory). To the best knowledge of the author, this is the
first time such experimental results have been obtained. The experimental
results support the hypothesis that application of a localised external force
leads to the re-distribution and re-association of glycoprotein filaments in




The experimental results from 3 and 4 above point to the possibility for manipu-
lating cellular biological functions though direct control of an external mechan-
ical force.
7.3 Future Direction
Improvements in imaging and observation devices
Although the experimental results obtained in this thesis have demonstrated that
the physical properties of zebrafish chorion can be experimentally altered in re-
sponse to mechanical forces, extensive works still need to be done to create a
coherent theory of the signalling pathway processes. For example, the exper-
imental results reported in Chapter 5 provide evidence to support a plausible
explanation that activities of pore canals and pore plugs in the chorion are re-
sponsible for the observed change in impedance. Nevertheless, further research
beyond this initial results are needed to understand the in-vivo mechanotran-
duction and mechanosensing mechanisms related to the ion influxes for further
study of mechano-control of biological systems.
In future studies, the experimental set-up described in Chapter 5 and 6 can be
improved by integrating the explicit force-controlled system with a high resolu-
tion imaging device, such as SEM, fluorescence microscopy, or commercialised
voltage-clamped apparatus, that can enable researchers to observe the dynamic





In Chapter 3, the viscoelastic model of the zebrafish chorion membrane to an
indentation force had been developed, and its response to the force had been
analysed with a linear viscoelastic model. Since zebrafish chorion are consid-
erably complex, the objective is to use a simplest model that may adequately
account for the experimental findings. From the analysis, the model, derived
from the Maxwell-Weichert viscoelastic model (Figure 3.6), adequately repre-
sented the response of zebrafish chorion to an indentation force. However, even
in the event that the linear analysis for the applied forces correctly reflects the
response of the zebrafish chorion, beyond a certain limit, the relationship would
break down since the chorion would be damaged or destroyed. Furthermore,
as suggested in some literatures [12, 15, 42, 69, 78, 86, 158], mechanical forces
may manifest the structural heterogeneity of the cellular organisms. In order
to determine the dynamic behaviours of zebrafish chorion accurately, as the ex-
tension of Chapter 3 and 6, the viscoelastics model that governs the cellular
reorganisation of the zebrafish chorion in response to mechanical force and the
detailed interactions of glycoprotein networks is necessary to be established and
identified respectively.
In summary, in the direction towards the objective of mechano-control of bio-
logical systems, some further explorations, such as the molecular mechanisms
underlying the cellular reorganisation, mechanotransduction, and mechnosens-
ing of the zebrafish chorion, are required. An immediate consequence of under-
standing the mechanisms is the ability for an engineer to manipulate the intrinsic
cellular activities of a organism through direct control of external forces.
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